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Abstract 
This thesis investigates the modelling of friction stir welding (FSW). FSW is a relatively new welding 
process where a rotating non-consumable tool is used to join two materials through high temperature 
deformation. The aim of the thesis is the development of a numerical model to improve process 
understanding and to assist in the design of new tools. The early part of the thesis describes the 
process, defines the modelling problem and describes why a computational fluid dynamics package 
(FLUENT) was selected for the subsequent work. 
A systematic series of friction stir welding experiments in 7075 aluminium alloy, used to provide 
validation data for a numerical model of the process, are described in chapter 2. The trials examined 
how the welding conditions and tool type affected the weld temperature and heat input. From this data 
a thermal model of the welds was developed that included the convective heat flow due to material 
mixing. 
Chapters 3 to 6 describe the model development, from a preliminary model of a standard tool, to a 
detailed analysis of 2 dimensional profiles incorporating a novel slip boundary condition, and finally 
to a full 3 dimensional model of a new tool design, including material slip. The preliminary model 
with a standard tool assumed that the material stuck to the tool surface and included features such as 
the tool tilt, heat generation and heat flow. The model captured many of the real process 
characteristics, but gave poor predictions of the welding forces and heat generation. This identified 
the need for a more complex treatment of the tool-material interface that allowed material slip. The 
slip model was first implemented in a 2 dimensional study of flow around profiled tooling (chapter 4). 
This enabled a first order visualisation of the flow and the quantitative comparison of different 2 
dimensional pin profiles. In chapter 5 an optimised 2 dimensional pin profile was determined by 
selecting the shape that minimised the traversing force. Two prototype tools based on this profile 
were manufactured: the plain 'Trivex™' and the threaded 'MX-Trivex™'. These were tested against 
a conventional 'MX-Triflute™' tool with the results showing that the traversing force was reduced by 
18-25%. Chapter 6 describes 3 dimensional models of the 'Trivex™' and 'Triflute™' tools, which 
extended the slip model to 3 dimensions. The model cOlTectly predicted that the Trivex™ tool had 
lower traversing and down forces than its Triflute™ counterpart, as observed experimentally. 
The thesis successfully demonstrates the application of fluid dynamics modelling to friction stir 
welding, enhancing visualisation of the flow, and guiding the development of new tooling. 
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Chapter 1 
Introduction and Literature Review 
1.1 Introduction to FSW 
1.1.1 Process Description 
Friction Stir Welding (FSW) is a relatively new welding process, patented in 1991 by Thomas 
et al. 1,2. A schematic diagram illustrating the process of FSW is shown in Fig. 1.1. The 
rotating tool is plunged vertically into the workpiece, and, after a short pre-heating dwell, is 
traversed along the joint line, after which it is retracted vertically. The key components of the 
FSW tool are: 
• The Shoulder. This is the plimary means of generating heat during the process, and it 
prevents mateIial expulsion and assists material movement around the tool. 
• The Pin. The pin's primary function is to deform the matelial around the tool and its 
secondary function is to generate heat. 
Usually the tool is tilted at an angle of 1_30 away from the direction of travel, although some 
tool designs allow it to be positioned normal to the workpiece. The material is consolidated 
behind the tool and a solid joint is formed from the high temperatures, pressures and material 
defOlmation. A successful weld is produced when the COlTect tool design and operating 
parameters (down force, welding speed and rotation speed) are used for a given material. 
Before proceeding the terminology used throughout this thesis needs to be c1mified. The axes 
convention shown in Fig. 1.1 is used, and the traversing force refers to the force in the x 
direction, the side force is the force in the y direction and the down force is the force in the z 
direction. 
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1.1.2 Process Advantages and Disadvantages 
The time between FSW's invention in 1991 and its industrial application in the mid 1990s is 
one of the shortest for any new welding process. FSW was implemented rapidly because it 
has significant advantages over conventional arc welding processes. Threadgill and Nunn3 
described these advantages, which are: 
• A solid phase process with no solidification cracking problems. 
• An ability to weld thick sections in a single pass. 
• The process can be automated, therefore the operator does not require the skills 
required for arc welding. 
• No edge preparation, shielding gas or filler metal is required. (Although shielding 
gas is used for some high temperature materials.) 
• Low distortion, shrinkage and residual stresses. 
• Excellent mechanical properties. 
• Low energy process. Process efficiency is much higher than many competing 
processes, particularly laser welding. 
• No environmental hazards, e.g. fumes and electomagnetic radiation. 
• Dissimilar alloy joints are possible. 
These advantages have led to its rapid implementation in the astronautic4, aerospaceS-9, 
. 10 d d ' l 11-13 '1' 14 d 1 IS 16 . d . Th Id' f manne ,roa an raJ transport ,ITll Itary an nuc ear' In ustnes. e we mg 0 
aluminium and its alloys has and will probably remain the main application for FSW. 
Therefore, unless otherwise stated the following sections describe the modelling and welding 
of aluminium alloys. The process has however been successfully applied to many other 
materials including metal matrix composites17,18, magnesium I9-21 , copper lS,16,22, titanium23,24, 
steeeS-27 and stainless steels28. Many of these materials can be welded successfully by 
traditional methods, however FSW enables thick materials to be welded in a single pass lS , 
with less degradation to properties (lower operating temperature) and lower distortion. 
Despite these advantages, the process does have a few drawbacks such as3: 
• Welding speeds can be slower than competing processes, particularly for thin 
material. 
• Workpieces must be rigidly clamped to react against the relatively high forces 
imposed by the process. 
2 
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• Support is required underneath the tool to react against the vertical down force. 
Although self-reacting or bobbin tools29 eliminate this requirement, they make the 
process more complex. 
• A hole is left at the end of the process, however there are several techniques that 
can be used to eliminate or lessen its effect. 
• Fillets welds and other complex geometries cannot be made with the process. 
1.1.3 FSW Microstructures 
Threadgill30 identified four distinct regions in FSW microstructures, which are shown in Fig. 
1.2. In the Dynamically Recrystallised Region (DRZ) or weld 'nugget' the material is 
recrystallised from the high temperature deformation. Outside this, in the Thermo-
Mechanically Affected Zone (TMAZ) the temperature and strain-rates are not sufficient to 
recrystallise the material, however the material is significantly deformed. In the Heat 
Affected Zone (HAZ) the material is not deformed, however the high temperature affects the 
microstructure. Finally the base material is not affected by the welding process. It is evident 
from Fig. 1.2 that weld cross-sections are not symmetIical, due to the tool rotation. On the 
'advancing side' the rotation coincides with the travel of the tool while it opposes it on the 
'retreating side'. The advancing and retreating sides are also shown in Fig. 1.1. 
1.1.4 Weld Quality 
Much work has been published on the quality of friction stir welds with Reynolds et al. 32,33 
and Hassan et al.34 describing how the welding conditions affect the matelial strength. 
Hassan et al.34 demonstrated how the hardness, tensile strength and elongation are maximised 
at a critical spindle speed when welding 7010 aluminium alloy. This was cOlTelated to the 
microstructure, which showed that full dissolution and re-ageing occurred at the critical 
rotational speed. Below this speed there was insufficient heat to fully dissolve the 
precipitates, while above this rotation speed the additional heat caused over-ageing of the 
material. A comparison between different welding speeds showed that higher speeds 
increased the weld strength because of the faster cooling rate. 
Apart from the obvious softening of the material that occurs dUling FSW there are other 
issues that need to be addressed before it can be successfully implemented in the aerospace 
industry. These are cOlTosion (especially stress corrosion cracking (SCC», residual stress and 
fatigue life. 
3 
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Paglia eb al. 3S ,36 and Lumsden et al. 37,38 demonstrated that FSW welds COlTode preferentially in 
the HAZ and TMAZ. This was attributed to the sensitised microstructure produced by FSW, 
which is more susceptible to inter-granular corrosion, pitting and stress cOlTosion cracking 
(SCC). The latter is a consequence of the residual stresses induced by welding. To reduce the 
effects of corrosion, post-weld heat treatments36-39 and laser heat treatment40 have been used. 
Finally, Dunlavy and Jata41 demonstrated that corrosion pits act as sites for fatigue initiation, 
reducing the material fatigue strength over the unwelded material. 
Tensile residual stresses can harm the fatigue strength of welded joints. Active cooling42, 
matelial pre-tensioningS and low plasticity burnishing43 ,44 have been used to reduce their 
effect. Active cooling, which is reported in Staron et al.42 uses liquid CO2 after the weld to 
rapidly cool the material. Low plasticity burnishing, reported in Rombach et al.43 and 
Jayaramann et al. 44 gave particularly impressive results. The process, which is shown in Fig. 
1.3 involves rolling a steel ball under force across the top surface of the weld. The result is a 
compressive residual stress on both the top and bottom sUlfaces. This eliminates SCC due to 
residual stresses and means that a treated, con-oded specimen has a higher fatigue strength 
than an untreated uncorroded sample. i.e. the fatigue initiation site occurred from the tensile 
zone in the centre of the plate. This technique could be implemented in-line with the FSW 
process. 
1.1.5 Force and Power Measurement 
One simple way of monitoring the process is through the measurement of forces and torques, 
which can also be used to validate numerical models. Threadgill and Nunn3 and Lu04s 
demonstrated how these can be measured indirectly by monitoring electrical control signals to 
the motor provided they have been adequately calibrated3. In early work by Midling and 
R0rvik46 the heat input was determined from the size of the RAZ. This work showed that 
different shoulder materials produced different heat inputs when welding 7108 aluminium 
alloy. 
A more sophisticated method reported by Johnson47,48 used a Kistler dynamometer to measure 
the forces. While this method is far more accurate, care needs to be taken not to overheat or 
overload the equipment. Another problem with this technique is that the equipment is 
prohibitively expensive. Reynolds et al. 49 measured the traversing force with the hydraulic 
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cylinder pressure and the torque by the pressure drop across a hydraulic motor. The torque 
measurement is reasonably accurate provided the efficiency of the motor is taken into 
account. Another approach used by Lienert et al.50 and Mitchel et al. 51 used strain gauges on 
the tool to measure the welding forces and torques. Lienert et al. used a Fast FOUlier 
Transform (FFT) analysis to show that the force and torque were peliodic with every 
revolution of the tool. 
Reynolds and Tang33 investigated the effects of tool geometry and process parameters on the 
weld energy and traversing force. They found that: 
• Weld power was primarily dependent on the shoulder diameter with the pin diameter 
having a much smaller effect. 
• The weld specific energy, i.e. the power divided by the welding speed decreased as the 
welding speed increased. 
• The traversing force increased with welding speed. 
In subsequent work reported in Reynolds et al. 49 and Long et al.52, the traversing force was 
minimised at a particular rotation speed. Work presented in this thesis shows that the 
traversing force was largely independent of the rotation speed when welding 7075 aluminium 
alloy. Because of the importance of this result, the traversing force results from Johnson48 
were plotted against the rotation speed in Fig. 1.4. These results demonstrate that the rotation 
speed had little effect for the small process window analysed. In particular, the vmiation is 
reduced by high rotation and welding speeds. 
Additionally the torque results from Johnson48 were analysed to determine the variation of the 
specific weld energy (weld power divided by the welding speed) with welding speed. The 
results shown in Fig. 1.5 demonstrate that the rotation speed has a small influence on the weld 
power, with the effect diminishing at high rotation speeds. 
Tang et a1.53 investigated the effect of changing the rotation speed on the weld temperature 
and by inference the weld power. The authors found that when welding 6.35mm thick 6061, 
there was a significant increase in the weld temperature with rotation speed. In a similar 
analysis Song et a1.54-56 found that the weld temperature increased with rotation speed up to a 
point, above which there was no difference. Finally, Colligan et a1.57 observed no difference 
in the weld power with rotation speed when welding 25mm thick 5083. These results can be 
explained by the assumption that the solidus temperature limits the heat generation. If this 
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temperature is approached, changing the rotation speed has no effect on the heat input. This 
usually occurs with thick, high strength alloys. However, if the welding temperature is below 
the solidus then changing the rotation speed will affect the heat input. This effect occurs on 
soft (i.e. 6061), thin aluminium alloys. 
To determine the effect of the pm on the heat input Tang et al53 measured the weld 
temperature with and without a pin. Little difference was found, so it was concluded that the 
heat generated by the shoulder dominates for 6.35mm aluminium alloys. Finally, the same 
author investigated the effect of increasing the weld pressure or plunge depth, which 
increased the temperature and by inference the heat input. A similar analysis by Reynolds 
and Tang33 showed little difference. The conflicting findings can be resolved by shoulder 
contact. If full shoulder contact doesn't occur, increasing the plunge depth increases the 
contact area, increasing the heat input. However, if full contact has already been obtained 
changing the plunge depth has little or no effect. 
1.1.6 Process Developments 
As mentioned previously, one of the key aspects of the process is the design of the pin. Most 
groups are using either threaded pins developed by Dawes et a1. 58 (Fig. 1.6a) , the Triflute™ 
and MX-Triflute™ tools developed by Thomas and Gittos59 (Fig. 1.6b), or threaded tools with 
flats57 . Note that the 'MX' refers to the use of tool threads around the periphery. All work 
well, with the latter two enabling higher welding speeds. More recent work by Thomas et 
a1. 60,61 demonstrated the Skew-Sti?M tool, which uses a pin that is eccentric to the tool axis 
(see Fig. 1.7). These tools have a focal point where the pin axis and tool axis coincide, which 
can be adjusted to any position. Although the tool offers certain advantages over the 
Triflute™ tools, the tool remains largely unproven. Com-stir™ is another variant developed 
by Thomas62 that combines both rotary and orbital motion. The orbital motion may either 
coincide with or oppose the rotary motion. One of the main advantages of this process is the 
wide stir zone, which may be beneficial for lap welds. Finally when welding aluminium 
metal-matrix composites tool wear becomes a serious problem. In a paper by Prado et a1. 63 it 
was found that the tool wore to a critical or 'self-optimised' shape after which very little 
change occurred. It was concluded that the resulting profile, (which was not that dissimilar 
from a cylindrical pin) was the optimal pin design. However this effect may have been 
caused by high wear rates at the start of the weld while the tool and material were being 
6 
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heated to welding temperature. After reaching this temperature wear may then become 
negligible. 
The design of the tool shoulder is also clitical. Early tool designs used a flat shoulder, 
however more recent work by Dawes and Thomas64 showed the advantages of using scroll 
and concentlic ling shoulders. These designs increase the shoulder surface area, aiding 
entrapment of material, enabling the process to operate normal to the workpiece smface. 
In an effort to eliminate the exit hole left by the process and facilitate the welding of valiable 
thickness material a retractable pin tool was developed by Ding and Oelgoetz65 . Little has 
been published recently suggesting the advantages of the design are offset by the added 
process complexity. The problem of the exit hole can also be solved by filling with a fusion 
weld, using run-off tabs, finishing the weld in a non-clitical area or placing the hole in an area 
that will be subsequently removed3. 
Several techniques have been developed to improve the process's flexibility. One such 
technique is robotic FSW, which is reported in Smith et al.66. Reacting the high forces 
expelienced in FSW is a problem, however it can be overcome with stiff robots that operate 
under force control. Another technique for improving the process's flexibility is Free-FOlm 
FSW reported in McLane and Carter67 . The process, which operates in a similar manner to a 
sewing machine, uses a cylindlical backing bar to dlive the material passed the tool. 
Although the basic FSW tool shapes are well defined, much work is being done on the 
welding of thick materiaI7.14-16.57.59. Thick section welds enable large components to be 
joined, reducing the matelial and manufacturing cost. They can also replace existing multi-
f · ld· 14 pass uSlOn we mg processes . Recent work at Boeing reported in Baumann et al.7 
demonstrated thick section welds using dissimilar materials, and similar welds up to 70mm 
thick. The latter were welded by using either two passes or self-reacting tools. 
One area of tool design that is cun·ently receiving more attention are tools for lap welds. Lap 
welds have the advantage of lower process tolerances (size of matelial) and they can easily 
replace liveted joints. These welds have been implemented on the Eclipse jet reported in 
Chlistner et al. 8. In designing an effective tool, two approaches have been taken. The first 
used by Thomas et al. 61 maximises the area of the lap which reduces the stress in the weld. 
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heated to welding temperature. After reaching this temperature wear may then become 
negligible. 
The design of the tool shoulder is also critical. Early tool designs used a flat shoulder, 
however more recent work by Dawes and Thomas64 showed the advantages of using scroll 
and concentric ling shoulders. These designs increase the shoulder sUlface area, aiding 
entrapment of material, enabling the process to operate normal to the workpiece sUlface. 
In an effort to eliminate the exit hole left by the process and facilitate the welding of variable 
thickness material a retractable pin tool was developed by Ding and Oelgoetz65 . Little has 
been published recently suggesting the advantages of the design are offset by the added 
process complexity. The problem of the exit hole can also be solved by filling with a fusion 
weld, using run-off tabs, finishing the weld in a non-critical area or placing the hole in an area 
that will be subsequently removed3. 
Several techniques have been developed to improve the process's flexibility. One such 
technique is robotic FSW, which is reported in Smith et a1.66 . Reacting the high forces 
expelienced in FSW is a problem, however it can be overcome with stiff robots that operate 
under force control. Another technique for improving the process's flexibility is Free-Form 
FSW reported in McLane and Carter67 . The process, which operates in a similar manner to a 
sewing machine, uses a cylindrical backing bar to drive the material passed the tool. 
Although the basic FSW tool shapes are well defined, much work is being done on the 
welding of thick materiaI7,14-16,57,59. Thick section welds enable large components to be 
joined, reducing the matelial and manufacturing cost. They can also replace existing multi-
pass fusion welding processes l4 . . Recent work at Boeing reported in Baumann et al. 7 
demonstrated thick section welds using dissimilar materials, and similar welds up to 70mm 
thick. The latter were welded by using either two passes or self-reacting tools. 
One area of tool design that is cUlTently receiving more attention are tools for lap welds. Lap 
welds have the advantage of lower process tolerances (size of material) and they can easily 
replace liveted joints. These welds have been implemented on the Eclipse jet reported in 
Chlistner et a1. 8. In designing an effective tool, two approaches have been taken. The first 
used by Thomas et al. 61 maximises the area of the lap which reduces the stress in the weld. 
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The alternative approach taken by Dawes et a1. 68 focuses on minimising 'hooking' of the joint 
interface on the advancing side and 'plate thinning' on the retreating side. Examples of these 
effects are shown in Fig. 1.8. In an attempt to overcome some of these problems the Skew-
StirTM 60.61, Flared-Triflute™ 61,69, Re-StirTM 70 and Com_stir™62 tools/techniques have been 
used. Finally, Mishina and Norlin71 showed that double pass welding with a standard MX-
Triflute™ tool significantly improved oxide disruption leading to a stronger joint. 
The final major area of process development is in self-reacting or bobbin tools29 . These tools 
use a shoulder on both the top and bottom of the plate and eliminate the need for a backing 
plate. They have the advantages of eliminating root defects and welding thicker material in a 
single pass. However, the process is more complex, with the tools needing to operate nOlmal 
to the plate smface. It has also been observed that the weld temperature is much higher 
because there is no backing plate to act as a heat sink. 
1.1.7 Friction Stir Processing 
A recent application of the technique repOlied in Ma et al.72 is Friction Stir Processing, where 
material is processed (without being welded) to improve its mechanical properties. This 
enables the casting of components that are cun'ently machined with the clitical areas being 
processed to improve their hardness and/or ductility. This technique will enable paris to be 
manufactured more economically. 
1.2 Material Flow Interpretation 
1.2.1 Visualisation 
In an attempt to better understand FSW, many investigators have used experimental 
techniques to visualise the material flow. This work has also assisted flow model validation. 
Early work in dissimilar metals by Li et al.73 , MUlT et a1.74 and Biallas et a1.75 demonstrated 
layered material flow and complex swirl patterns in dissimilar matelial welds. Reynolds 76 
and Seidel and Reynolds 77 used dissimilar material markers placed in a transverse direction on 
both the advancing and retreating sides. The final position was determined by successive 
sections which were digitally recorded, and was found to be highly dependent on the welding 
conditions. For a cold weld or a weld with high forward movement per revolution, the 
material flowed around the tool ending in the position shown in Fig. 1.9. From this figure it 
can be seen that: the deformation region is quite nalTOW; there is a bulge in the matelial in the 
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wake of the pin; and a small amount of material is dragged forward on the advancing side. 
Comparisons were made between welds of different pitches (forward movement per 
revolution), which showed that the hotter the weld (i.e. the lower the weld pitch), the greater 
the mixing, particularly in the vertical direction. The authors concluded that the increased 
mixing at the lower weld pitch was caused by greater mobility due to the lower flow stress at 
the higher temperature. An alternative explanation is the lower weld pitch increased the 
augering action of the tool. In any case, the experiment showed that different welding 
parameters resulted in significantly different flow characteristics. Finally the work 
demonstrated a twisting of the flow field around the nugget region as demonstrated by the 
transverse section in Fig. 1.10. This shows the final position of the markers and demonstrates 
how the material on the advancing side in the TMAZ and the material that is in the nugget on 
the retreating side is pushed upwards. As will be demonstrated later, this is caused by the 
upward flow of material away from the tool intelface. Also, the material in the nugget on the 
advancing side of the tool is pushed downwards because this material flows closer to the pin 
where it is augered downwards by the threads. The streamline plot from a 2 dimensional 
model in Fig. 1.11 (Reproduced from Seidel and Reynolds 77) shows how the material on the 
advancing side flows closer to the pin. 
More recent work by Dickerson et al.78 used a thin copper marker material placed in the weld 
joint-line or transverse to the weld direction to examine the material flow. Weld nuggets with 
and without the copper marker material were compared to determine the effect of the marker 
material on the flow. The difference was small (for welds in 2024 aluminium alloy), which 
justified the use of the technique. The welds were then X-rayed to detelmine the final 
position of the copper. Some impressive 3 dimensional images of the exit hole demonstrated 
the material flow while welding. An image is reproduced in Fig. 1.12 and clearly shows how 
the size of the deformation region increased toward the tool shoulder. The analysis package 
was able to produce planar sections (CT Scans) through the weld, which were similar to Fig. 
1.9 from Seidel and Reynolds77 . 
In similar work by McClure et a1. 79 the material on the advancing side and part of the 
retreating side of the pin was found to rotate several times around the tool before being 
deposited. In an experiment with an unthreaded tool the rotation zone around the tool was 
absent. In another investigation that used copper marker material, GuelTa et al. 80 showed how 
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the material along the joint line flowed around the retreating side of the tool. The authors 
found that the matelial near the shoulder did not have full contact with the pin. 
London et a1. 81 ,82 used AI-30%SiC markers because the material could be easily viewed when 
etched while not greatly altering the material flow. Both continuous and discrete markers 
were used. A planar cross section is reproduced in Fig. 1.13 and shows how all the material 
in-line with the pin flows around the retreating side. London et al. 81 concluded that the 
material can make several revolutions of the tool before rejoining the bulk flow. An image 
from the second paper82 is reproduced in Fig. 1.14 and demonstrates the layered matelial flow 
left from a marker that was originally placed along the weld centreline. When the marker was 
shifted toward the advancing side the distribution of matelial increased. In the second paper 
London et al. 82 used AI-20%W, which could be distinguished from the aluminium when 
analysed by X-ray. This enabled a 3 dimensional analysis of the weld without sectioning. 
Finally, the work demonstrated significant uplift of material away from the pin, while near the 
tool on the advancing side the mate11al was pushed downwards. This can be explained by the 
2 dimensional streamline flow in Fig. 1.11 which demonstrates how the matelial on the 
advancing side comes into closer contact with the pin where it will be augered downwards by 
the threads. 
In a slightly different technique, Colligan83 placed 0.38mm steel balls at various locations in 
the material prior to welding. After welding the final position was determined by X-ray. 
Observations revealed that: 
• The markers that started on the retreating side of the weld were not distributed as 
widely as those on the advancing side; 
• The matelial that is in-line with the pin is swept around the retreating side; 
• Most of the markers were pushed upwards, inespective of their start position. This 
is likely to be an artefact of the steel shot being too large to enter the threaded 
region of the tool where it would have been augered downwards. 
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The most interesting analysis from this work was the 'stop action' exit hole, which is 
reproduced in Fig. 1.15. In this test the weld traverse was stopped and the pin was retracted at 
a rate which unscrewed the thread leaving the material intact. Figure 1.15 demonstrates that: 
• The material is pushed upwards in front of the tool and then downwards near the 
threads; 
• The material is 'machined' down the leading sUliace of the pin until a thread is 
filled. At this point the material is dragged around the tool where it is observed to 
deposit behind the pin; 
• Significant upward movement of material occurs behind the tool, which is 
evidenced in the subsequent deformation of the banded material; 
• The banding of the deposited material emanates from the base of the tool, with the 
final banding being influenced by the subsequent deformation behind the pin. 
Tungsten wire was used to visualise the flow in Schneider and Nunes84 with the final position 
being determined by X-ray. The tungsten wire broke into fragments near the rotation zone 
and then flowed around the tool. The final position of the wire was perpendicular to the 
welding direction. It is unclear how much the flow is influenced by the fractUling of the 
tungsten wire. 
Finally, Nowak et al. 85 examined the flow during the FSW of polycarbonate and found similar 
flow fields to those observed in aluminium. Because of polycarbonate's different properties it 
was necessary to use an unthreaded pin. This could be a useful technique for visualising the 
flow because of the opportunities afforded by its transparent properties. 
1.2.2 Flow Theories 
Several theories have been proposed for describing the material flow in FSW. In an early 
paper by Stewart et al. 86 it was postulated that the deformation OCCUlTed along a surface that 
extended from the edge of the shoulder to the tip of the pin. However subsequent flow 
visualisation work has refuted this result. While a complete understanding is still lacking, the 
following conclusions (based on those in Shercliff and Colegrove87) can be made: 
• The deformation is localised in an intense shear zone adjacent to the tool surface. 
• Each band in the nugget is produced in a periodic manner that cOlTesponds to the 
number of tool features. i.e. a threaded tool produces a band with every revolution, 
while a Triflute™ tool produces a band with every third of a revolution. · 
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• Each band consists of highly deformed strips from both sides of the joint, which are 
deposited layer by layer. This · is evidenced by the layeling in dissimilar welds, 
embedded markers and the cyclic distribution of second phase particles and sub-grain 
sizes. 
• All the material in-line with the pin is swept around the retreating side of the tool. 
• With a standard threaded pin, the material near the tool sUliace is augered downwards. 
As a consequence the material away from the tool is pushed upwards for continuity to 
hold. Therefore the material which comes into close contact with the tool, particularly 
on the advancing side, is pushed downwards, while the material which remains further 
away from the tool (i.e. in the TMAZ) is pushed upwards. 
• Material that starts on the advancing side is dispersed more widely because it 
undergoes greater deformation. 
• The layered material flow facilitates the production of a sound weld through the 
breaking up and dispersal of the surface oxide. 
One of the aims of this thesis is to describe the observed flow in FSW, including the layered 
flow in the nugget. 
1.3 Process Modelling 
Process modelling has been successfully applied in many industties, with the main benefits 
arising from88 : 
• Optimising an existing process to improve productivity. 
• Improving quality by reducing product and process variability. 
• Reducing the number of trials in developing a new or modified process or product. 
• Improving process control systems through 'intelligent processing'. 
• Improving management of production schedules. 
• Improving the manufacturing capability of suppliers to larger assembly companies. 
• Aiding development and specification of new equipment and tooling. 
• Gaining knowledge through a better process understanding. 
A detailed review of modelling activities in FSW can be found in Shercliff and Colegrove87 . 
This work describes how modelling can potentially aid process understanding and support 
experimental development work through guiding tool design and assisting weld parameter 
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selection. One important consideration for any process model is to keep the goals of the 
model in mind and adapt an appropriate level of complexitl8,89. For example if the 
temperature of the material in the weld HAZ is of interest then an analytic solution to the heat 
equation may suffice. Grong90 successfully implemented this approach to the metallurgical 
modelling of arc welds. 
The following section describes how thermal models can calculate the temperature and heat 
flow in FSW and a later section shows how flow models can predict the material movement. 
1.4 Thermal Modelling 
1.4.1 Introduction 
In FSW the tool generates heat via a combination of friction at the tool sUlface and viscous 
dissipation within the deformed material. This heat is conducted into the tool and welded 
material, and is then convected from the top surface or conducted into the backing plate. Both 
analytical and numerical models have been used to describe this heat flow. The following 
section describes thermal modelling in the related process of friction welding; analytical and 
numerical models of FSW; the methods for finding the weld heat input and applications of the 
thermal model. 
1.4.2 Thermal Modelling of Friction Welding 
Thermal models have been used to desclibe the heat flow in the related process of friction 
welding. Midling and Grong91 presented a transient analytical model that used a modified 
version of Rykalin's infinite rod solution and predicted the weld temperature and 
microstructure. The microstructural evolution was predicted for 6082-T6 and AI-SiC, and 
indicated that a nan-ow HAZ was obtained when a high specific power was used in 
conjunction with a short duration heating cycle. 
Nguyen and Weckman92 demonstrated a transient thermal FEM model for friction welding 
which was used to predict the microstructure of 1045 steel. Measured power data was used to 
calculate the heat input and a constant temperature boundary condition at the welding 
interface was invoked. In another FEM thermal model by Mitelea and Radu93 fliction 
welding of dissimilar materials was modelled. The paper compared different heat flux 
distributions to determine which gave the best agreement with experimental results. 
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To conclude both analytical and numerical techniques have been used to describe the heat 
flow in friction welding, with a more accurate solution being obtained with the latter. 
Because friction welding is a short duration process, a transient model is more appropriate 
than one that uses a steady state solution. 
1.4.3 Analytical Models 
Grong90 describes how Rosenthal's94 analytical solution to the heat equation can be used to 
predict the thermal profile. Three different analytical solutions exist for thin, medium and 
thick plate. The appropriate solution is detelmined by the power and speed of the heat source, 
and the physical dimensions and thermal properties of the material being welded using a 
dimensionless heat flow map. When using the medium plate solution it is necessary to 
superimpose virtual heat sources to include the effect of plate thickness and width. Finally, 
analytical solutions assume constant thermal properties. 
Early work by Russell and Shercliff95 ,96 used a point heat source which was considered 
adequate because the temperature in the HAZ was of interest. The analytical solution was 
extended by McClure et al. 97 , and Gould and Feng98 by distributing the heat source over the 
shoulder. The distributed heat source was integrated to find the temperature at a particular 
position in the material. The heat source intensity increased with the distance from the centre 
of the tool in McClure et al.97 and was imposed on a ring around the shoulder in Gould and 
Feng98 . Imposing the heat source as a ring resulted in a large temperature peak around the 
shoulder. When the heat input was correctly adjusted reasonable c01l'elation was obtained 
with experimental results. 
Finally an inverse problem approach was used by Fonda and Lambrakos99. Rather than using 
thermocouple measurements they examined the weld microstructure and assumed that the 
edge of the heat affected zone conesponded to a peak weld temperature of 250°C. Using this 
knowledge, they worked backwards to find the heat input and weld thermal profile at all 
points in the weld. Stewart et al.86 also used an analytic thermal model, however the main 
emphasis of this work was material flow, which is discussed later. 
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1.4.4 Numerical Models 
Nume11cal Models use the finite element IOO-ll3 , difference54-56,114-116or volume techniques to 
predict the temperature field. These analyses can use temperature dependent properties, and a 
more refined definition of weld geometry, heat input and thennal boundary conditions. 
Many different heat source distributions have been used ranging from a square 114-116 to one 
that increases In magnitude with the distance from the centre of the 
tooI54-56,100-104,106,107,109,III-J13. Some authors54-56,103,104,106,107,114 included heat generation at the 
pin, which becomes increasingly significant as the plate thickness increases. Two approaches 
have been used to analyse the heat loss to the backing plate. In one an effective heat transfer 
coefficient is used 101 ,102,111 -113 while the other includes the backing plate with a contact 
resistance to model the imperfect contact between the backing plate and workpiece 
material J03,104,106,107,111-113. While the first enables a faster solution because of the smaller 
number of elements, the second is the more physically realistic. Several authors varied the 
contact resistance with either temperature or location to account for the different interface 
pressures 107,1 I 1-1l3. Regardless of the method used, the convective heat transfer coefficient or 
contact resistance with the backing plate are one of the main adjustable parameters in the 
model. 
Several techniques have been used to determine the heat input to the model. One way is to 
measure the temperature experimentally, and adjust the heat input of the model till the 
numerical and experimental temperature profiles match54-56,101-103. Another technique 
involves estimating the power input analytically and then artificially limiting the peak 
temperature54,l14 or introducing latent heat effects54,55 to avoid over-predicting the weld 
temperature. The methods for finding the power input are discussed in a subsequent section. 
The most satisfactory approach involves measuring the weld power experimentally and using 
this as an input to the modeI 100,107,111-JJ3. 
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While a satisfactory solution can be obtained more quickly with a steady state analysis J03,ll4, 
many authors have examined the more complex transient heat flOW54-56,100-102,ID4,106,107,111-
113,116. The following findings were made in a transient analysis of thick welds by Colegrove 
104. 
et al. . 
• If the peak welding temperature is limited to the solidus, then the heat input depends 
on the material's thermal conductivity. 
• The heat input to a transient model, particularly for a short weld can differ quite 
substantially from the steady state heat input. This is because the end effects and 
initial dwell in the transient weld result in the whole plate being heated, lowering the 
required power. 
The effect of the welding speed on the weld thermal cycle was examined by Lindner et al. IDo• 
At low welding speeds the temperature transient was much longer and the peak temperature 
lower than at high welding speed welds. The reason for the different peak temperatures was 
unclear, however the thermal profiles had not been validated. 
Although not strictly a thermal model, Chen and Kovacevic l05 used a 3 dimensional 
thermomechanical finite element model in ANSYS to predict the weld temperature, stresses 
and forces. The model only included the shoulder and so the effect of the pin was ignored. 
Using the temperature prediction and (presumably) the measured forces on the tool, the 
welding stresses (not residual) were predicted. Finally the model predicted the welding forces 
in the x, y and z directions. It is unclear how a model of this type could predict such values 
given that it did not calculate the material flow. 
FSW, Tungsten Inert Gas (TIG) welding and a hybrid process of the two were compared in 
Shi et al. 106. A comparison of the TIG and FSW results showed that the temperatures of the 
FSW were lower and more diffuse. A transient thermal model of the tool was developed by 
Dickerson et al. 117 to determine the amount of heat loss through the tool. The authors found 
that approximately 10% of the total heat was lost through the tool dming the steady state 
period of the weld. During start-up this value increased to 20% and grooves or fins above the 
tool shoulder lowered the heat loss to approximately 6%. Using grooves also enabled the tool 
to reach a steady state temperature more quickly. As an aside, Lienert et al. ll8 used an 
experimental method to determine the tool heat loss in 1,4" thick material and found values of 
13% for 6082,29% for 1018 steel and 44% for Ti-6AI-4V. 
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Aspects that are ignored by most authors are the effect of convective heat flow due to material 
defOlmation (with the exception of Khandkar et al. III ), and the asymmetry of heat generation 
due to the much higher pressure at the back of the shoulder. The former requires a prediction 
of the material flow around the tool, which is difficult to implement in most (non-fluid) 
solvers, which only predict weld temperature. 
1.4.5 Choice of Solution Technique 
From the preceding discussion it is clear that finite element/finite volume solvers offer more 
flexibility and enable more accurate solutions than analytical methods. They can also be 
implemented relatively easily once the user is familiar with the particular code being used. 
Some authors have chosen to write their own finite difference code, however this increases 
the problem complexity and time required for implementation, and does not enable others to 
replicate the results easily. 
Various heat sources have been used, ranging from a point source to those whose intensity 
increases with distance from the centre of the tool. Some authors have applied the heat at the 
shoulder only, while others have included the heat generation at the pin, which becomes 
increasingly important as plate thickness increases. The most appropriate source depends on 
the model's purpose. If the temperature of the nugget is important then the heat needs to be 
apportioned accurately. However if only the TMAZ or HAZ is of interest, then even a simple 
point source may be sufficient. 
1.4.6 Heat Input 
Several authors have tried to find estimates of the weld power, Q. In early work by Russell 
and Shercliff95 this was done by adapting the heat generation equation used by Midling and 
Grong91 for friction welding: 
(1.1) 
where r is the effective material flow stress, ill is the rotation speed in rad/s and R is the tool 
radius. 
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Frigaard et al.114-115 used an altemative approach based on the sUlface pressure and coefficient 
of friction between the shoulder and material: 
(1.2) 
where J-l is the coefficient of friction and p is the sUlface pressure. Chao and Qi 101 ,102, 
Colegrove et al. I03 and Song and Kovacevic54-56 used a similar approach and adjusted the heat 
input till there was a good match between with the experimental temperature results. 
Both of the above analyses assumed that the heat input from the pin could be ignored. 
Therefore Colegrove et al. I03 estimated the pin heat input with the following equation: 
where: 
. - V 2J-l(J ynrp hpVrp 4 FJ-lV", cose Q = 2nr h (J ~ + + (1.3) 
p p y .J3 ~3(1+ J-l 2) n 
rp is the radius of the pin; 
h is the thickness of the material; 
(J y is the average flow stress of the material; 
F is the traversing force; 
/l is the helix angle of the thread; 
e = 90 - /l- tan - I (J-l) ; 
sin /l V . 
VIII = sin(180-e -/l) p' 
V = sine V . 
rp sin(180-e -/l) p' 
Using this equation it was found that approximately 20% of the total heat input was produced 
at the pin for 12mm thick aluminium alloy plate. 
Finally, an upper bound analysis by Sherc1iff and Colegrove87 showed that approximately 
15% of the total heat was produced at the pin for a 6mm thick weld. The analysis also 
showed that the ratio of rotational to ploughing heat production at the pin was between 1-10, 
indicating that a significant amount of the heat is produced in moving the pin through the 
material. 
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1.4.7 Thermal Model Validation 
To validate a thermal model it is necessary to measure the weld thermal profile. This can be 
done with either an infrared camera or thermocouples. Thermocouples are the most common 
method because they can be placed within the material near to the tool sUlface, they are 
relatively cheap and they do not suffer any inaccuracies associated with material emissivity 
(unlike the infrared detector). Thermocouples do however have their limitations. When the 
tool passes close by they can be either damaged or moved from their original position. Other 
inaccuracies arise from imprecise hole location, poor thermal contact with the workpiece 
material, and steep thermal gradients across the diameter of the thelmocouple. 
To show that the effect of the thermocouple holes on the thermal profile was small, McClure 
et al.97 compared temperature measurements with and without sUlTounding holes. In other 
work by Tang et al.53 and Frigaard et al. 114 the difference between the advancing and 
retreating side temperatures was measured and shown to be small. Therefore a model that is 
symmetric about the weld axis can be used. Finally to calibrate the heat loss to the backing 
plate, Shi et a1. 107 measured its temperature with a thermocouple. 
1.4.8 Residual Stress Models 
Chao and Qi 101 ,102 predicted the residual stress from their finite element thermal model of 
FSW. Although the results were not experimentally validated, the model predicted lower 
residual stresses compared with fusion welds. 
Residual stress predictions were compared with a TIG weld in Shi et al. 106. The model 
predicted lower residual stresses for FSW because the weld temperature was lower. In latter 
work, Shi et al. 107 included the effect of the tool forging force and rotational torque in the 
calculation for the residual stress. This resulted in an asymmetric distribution of the 
longitudinal stress and the peak value was reduced by 10% when compared with a model that 
only included the thermal stresses. The results were not experimentally validated. 
1.4.9 Microstructure Models 
Russell and Shercliffl6, Frigaard et al. 114,115, Hyoe et al. 119 and Heurtier et al. 108 used their 
thermal models to predict the weld microstructural evolution and final hardness . This work 
was based on the microstructural evolution model developed by Myhr and Grongl20. 
Isothermal hold experiments were used to determine the amount of precipitate that will 
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dissolve if the matelial is held at temperature for a certain time. The amount of precipitate 
that dissolves is based on the difference in hardness before and after the experiment. The 
material was then allowed to naturally age and the recovery in hardness for each of the 
specimens was measured. 
Using this infOlmation, the amount of precipitate that dissolves due to a weld thermal cycle 
can be determined. Finally, the increase in hardness from natural ageing was predicted from 
the peak welding temperature. Russell and Shercliff96 applied this technique to 2014-T6, 
Ftigaard et al. 114,115 to 6082-T6 and 7108-T79, and Hyoe et al. 119 to 7075-T7351. All 
demonstrated reasonable correlation with measured hardness measurements, with better 
results in simple ternary alloys (6082, 7108) than the more complex aerospace alloys (2014, 
7075). 
Typically the quality of the microstructure model is detelmined by compating the model's 
hardness predictions with experimental values. Alternative methods of determining the 
weld's material properties are with digital image correlation reported in Reynolds and 
Duvall 121 and electronic speckle pattern interferometry reported in Peel et al. 122. In these 
techniques the sUliace of a tensile specimen is analysed to determine the strain and the local 
stress-strain curve at every point in the weld cross section. 
1.5 Flow Modelling 
1.5.1 Modelling Metal Deformation Processes 
This section investigates the flow modelling of two other metal forming processes: ftiction 
welding and extrusion. The techniques to model these processes will be investigated to 
determine whether or not they are applicable to FSW. A basic understanding of each process 
is assumed. The numerical models use either an Eulerian or Lagrangian formulation for the 
mesh. In an Eulerian fOlmulation the mesh is fixed and the material is allowed to flow 
through the mesh. In a Lagrangian fOlmulation, the mesh is fixed to the matetial and 
therefore deforms during the simulation. A mixed version is possible, which is Euletian in 
one direction, and Lagrangian in .the other. 
Midling and Grong123 presented an analytical model of friction welding. The model assumed 
a velocity profile, which was calibrated against the observed features in a metallographic 
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cross-section, which enabled a prediction of the strain-rate. Most models of friction welding 
use the finite element method with a Lagrangian mesh 124-126, which are used to predict the 
weld temperature and deformation structure. In the model by Maol and Massoni 124 the 
material was assumed to be viscoplastic, with temperature-dependent properties. A frictional 
interface was used between the two parts and its value was determined experimentally from 
the pressure and velocity between the two parts. Bendzsak and NOlth127 used the finite 
volume method to predict the flow field in the fully plasticized region of a friction weld. 
Similar and dissimilar welds were analysed. In the similar welds the viscosity was found 
from a heuristic relationship, which was independent of temperature. The dissimilar welds 
used a transient thermal model, a complex viscosity relationship and an Eulerian-Lagrangian 
mesh. 
Numerical FEM models of extrusion models have been demonstrated by several authors I28-133. 
Because of the lower strain rates several authors used a rigid plastic material definition 128-130, 
while others included the combined elastic-viscoplastic properties 131-133. To simplify the 
problem some of the authorsl31-133 used isothermal material properties because the increase in 
temperature due to material deformation is lower than in a welding process. The difference 
between elastic-viscoplastic and viscoplastic material properties was found to be small under 
most conditions 132, which pmtly justifies their omission from FSW modelling. When 
modelling extrusion all the authors assumed a region of sliding contact with the extrusion die, 
however in many cases the result was insensitive to the friction coefficient because the region 
of sliding contact was small 132. Although modelling is not used in a production environment, 
it is increasing understanding of the processl29-133 and has been used to develop design rules 
and techniques for improving the process operation and die design 130,133. 
1.5.2 Analytical FSW Models 
Several authors have attempted analytical models of the material flow. Early work by Stewart 
et al.86 evaluated two alternative theories for material flow. In the first so-called 'Mixed 
Zone' model the defOlmation occurs over a large plastic zone which extends from the tool 
sUlface to the edge of the TMAZ. In the second 'Single Slip SUlface' model the material 
deformation occurs on a surface that extends between the edge of the shoulder and the base of 
the pin. Based on the two model's predictions of forces, thermal field and shape of the weld 
region, the Single Slip SUlface model was considered the more likely. 
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In another analytical solution by Shercliff and Colegrove87 an upper bound analysis predicted 
the size of the defOlmation zone from continuity, assuming material flow around the 
retreating side of the pin. 
In recent work by HeUltier et al. 134, the movement of material was calculated from an 
assumed velocity field that included torsion (rotation), translation and vortex flows. Using 
this prediction, the flow of material around the tool was predicted, enabling maps of the strain 
and temperature to be produced. The strain and temperature maps had similar geometry to the 
onion rings typically observed in friction stir welds. The temperature prediction was based on 
adiabatic heating of the matelial, and ignored the effects of conduction and convection. 
1.5.3 Two Dimensional Numerical FSW Models 
The pin is at the heart of the process and is one of the main determinants of the process's 
success. For reasons of computational efficiency, various authors have analysed the 2 
dimensional flow around the pin rather than the full 3 dimensional flow. Once this has been 
successfully modelled, the work can be confidently extended to 3 dimensions. 
Xu et al.135 and Xu and Deng136 used the finite element code ABAQUS to examine how a row 
of transverse markers flowed around a rotating cylindlical pin. The model used a spatial 
temperature field based on thelmocouple data, and elastic-plastic temperature dependent 
material properties. The strain-rate dependence on the material properties was ignored. A 
Lagrangian-Eulerian finite element formulation was used where the mesh was attached to the 
deforming matelial and was remeshed dUling the simulation. Two different flictional 
boundary conditions were used: the 'slipping intelface' where the angular velocity of the 
material at the tool surface, w! was a specified fraction of the actual angular velocity, w; and 
Coulomb friction in conjunction with a maximum frictional stress. Although the spatial 
velocity distribution at the tool sUlface was quite different with the two models, both gave 
very similar results a short distance from the tool. The predicted marker positions compared 
favourably with marker experiments reported in Reynolds76 and Seidel and Reynolds77 . 
Finally, the latter work136 showed a plot of the strain in the matelial deposited by the tool. 
Banding that cOlTesponded with every revolution of the tool was observed, however it is 
unclear how this was produced with the cylindlical (un featured) tool used for the analysis. 
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A similar 2 dimensional model was reported in Reynolds et al.49, Seidel et al. 137 and Long et 
52 
al. . These papers describe the progressive development of a finite volume model in 
FLUENT that used a visco-plastic material whose viscous properties were based on the 
Sellars-Tegartl38 relationship. Even though the model was 2 dimensional, heat generation and 
conduction were included. To avoid over-predicting the weld temperature, the viscosity was 
reduced by 3 orders of magnitude near the solidus. The model cOlTectly predicted material 
flow around the retreating side of the tool which is shown in Fig. 1.11. Like Xu et al.135 
particle tracks in the model corresponded to the marker experiments from Reynolds 76 and 
Seidel and Reynolds77 . Comparisons were made with experimental values of the traversing 
force and weld power. Although the model could not predict the absolute values because the 
shoulder was ignored in the 2 dimensional analysis, the COlTect trends were shown. When the 
rotation speed was either very high or very low, the model predicted a small amount of 
material flow around the advancing side. This cOlTesponded to the appearance of voids on the 
advancing side under these conditions. In the latter paper52, a minimum in the traversing 
force was observed at a particular rotation speed. This result cOlTesponded to experimental 
findings, and suggested an optimum rotation speed for the process. 
1.5.4 Three Dimensional Numerical FSW Models 
The 3 dimensional flow models include both the pin and shoulder and give the best 
representation of the process. These models use the finite elementI03,136,139-l43, finite 
volumeI44-l47, or shock wave physics (CTH)148,149 codes. Some of the finite element l41 ,142 and 
all of the finite volumel44-l47 solvers are typically used for Computational Fluid Dynamics 
(CFD). Although these codes are typically used to model the flow of fluids they can be used 
to model the flow of a deforming solid provided an appropriate viscosity relationship is found. 
One of the finite element solvers l43 used the DEFORM™ package, which is typically used for 
forging, machining and rolling applications. The CTH code was developed by the Sandia 
National Laboratory and is primarily used to simulate high-speed impact and penetration 
phenomena typically encountered in ballistics. Typical applications of this code are the 
design of bullets to best penetrate armour and the converse design of almour to best protect 
against impact. One of the advantages of this code is that it captures the elastic (as well as the 
viscoplastic) response of the material, which is ignored by CFD solvers. Unlike most finite 
element and finite volume solvers, the code uses a square grid with the material being 
modelled filling the meshed region. With this technique it is not necessary to mesh the region 
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around the tool which enables an unlimited number of geometries, however the drawback is a 
finer grid spacing. 
All the authors analysed the FSW of aluminium alloys with the exception of Goetz and Jata l43 
who also analysed titanium alloys. To keep the models simple many authors analysed a 
cylindtical pin I36,139-14I ,143, however the model can be made more realistic by analysing finsl42 
or threads l03, 146-149. One of the authors l41 that used a cylindrical pin prescribed a velocity in 
the vertical direction to simulate the augering of the threads. 
Two different approaches have been used to define the boundary condition at the tool surface. 
. 1 h d ' h h . 1 . k h f f h t 1103142146-149 The SImp est met 0 IS to assume t at t e matena shc s to t e sur ace 0 t e 00 ' ' . . 
The problem with this approach is that it can often lead to an overprediction of the weld 
temperature l42. The alternative approach allows the matetial to slip against the tool 
surface I36,139-14I,143 with some authors specifying the shear stress with Coulomb friction 136,139-
140. Some authors analysed isothermal models l03 ,144-147 with the remaining calculating the 
temperature profile from the heat generation. (Note that Goetz and Jata l43 analysed thermal 
models as well.) The calculation of heat and final weld temperature becomes more complex 
when the material slips against the tool surface because there are two sources of heat: fliction 
at the tool/workpiece material interface; and plastic deformation within the material 
itselfl39,140. 
The main output from most of the models is the matetial flow. Most authors predicted a 
nalTOW deformation region near the tool surface and material flow around the retreating side 
of the pin. The models that included a tool thread demonstrated the augering of material 
toward the backing plate103,148, 149. Askari et a1.148. 149 used particle tracking and the mixing 
fraction to visualise the flow. The mixing fraction determines the ratio of advancing to 
retreating side material in the welded joint. These techniques enabled very impressive flow 
visualisation, with the large dispersion of material that occurs with an advancing side marker 
being cOlTectly predicted. The work also predicted that matetial, particularly that which starts 
on the advancing side flows more than one revolution around the tool. 
There were however a few exceptions to these models' prediction of the flow. Dong et 
al. I39,140 predicted deformation along a slip plane which extended from the tip of the tool to 
the edge of the shoulder in accordance with the Single Slip Surface model by Stewart et a1.86. 
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In the models reported in North et al. I46 and Bendzsak et al. I47 the isothermal matelial 
properties resulted in a larger defOlmation region than is observed in practice. Nevertheless a 
good first approximation of the flow was obtained. The flow field below the shoulder was 
largely rotational and extended 3mm below the sUliace. Below this, the matelial extruded 
around both sides of the pin. Several spirals were observed in the flow, which the authors 
postulated were the cause of weld defects. 
Although flow prediction is usually the main output, flow models have been used to analyse 
several other process characteristics. Ulysse l41 predicted the axial and shear forces as a 
function of the welding and rotation speeds. Oosterkamp et al. 142 compared steel and ceramic 
backing plates, with the latter leading to a higher weld temperature and a more uniform 
temperature distlibution due to its poorer thermal conductivity. Goetz and Jata l43 simulated 
the initial plunge, with results focussing on the plunge time, temperature and forces. Xu and 
Deng l36 examined the velocity gradient around the pin and found that it was higher on the 
advancing than retreating side and higher in front of than behind the pin. Maps of the strain 
on the transverse cross section were compared against typical weld macrosections. This work 
showed that the low strain region (0.2-1) approximately conesponded to the HAZ, the 
intermediate strain region (1-7) to the TMAZ and the high strain region (10+) to the 
recrystallised nugget zone. 
1.5.5 Choice of Solution Technique 
This section has demonstrated the use of analytical, and 2 and 3 dimensional numerical 
models of the material flow in FSW. Although analytical models are inherently simple, they 
require many assumptions and become increasingly complex when trying to model the 
complex 3 dimensional flow. Also, the modelling and compalison of complex geometry is 
virtually impossible. Therefore, numelical models have been used more extensively. 
Even though 2 dimensional models do not capture the flow as accurately as their 3 
dimensional counterparts they are simpler, their mesh generation is significantly easier and 
the solution times are shorter. Therefore, they are a good first step before tackling the more 
complex 3 dimensional flow. 
Finally several different 3 dimensional models were desclibed. Some authors used a 
Lagrangian finite element formulation, however this approach was limited by the high strains 
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expelienced by the process. Both the finite element and finite volume techniques have been 
successfully applied, with the latter being more commonly used in CFD formulations and the 
fOlmer for stress and heat analyses. Finally, one author used the CTH code. Although this 
was originally developed for ballistics, its application to FSW has been very successful. 
The requirements of a solver for this work are an ability to: predict the temperature and 
matelial flow; handle the large strain rates that occur near the tool sUlface; and visualise the 
flow. Two requirements that were not considered necessary were an ability to handle free 
sUlfaces and an ability to include the matelial's elastic properties. The last is possibly more 
controversial, however in the modelling of extrusion its effect was small. Secondly the region 
adjacent to the tool is of most interest and has a small elastic response. Finally, with the 
exception of the CTH code, most of the codes that can handle elastic matelial prope11ies are 
unable to cope with the high strain-rate deformation that occurs in FSW. 
Therefore, a CFD code was considered appropliate for modelling FSW, and FLUENT150 was 
selected because of its supelior pre and post processing abilities. 
1.5.6 Material Constitutive Behaviour 
One of the key inputs to a flow model is the matelial's deformation properties. Two 
constitutive relationships have been used in FSW flow modelling. The first by Sellars and 
Tegart138 has been applied to many metal deformation processes including FSW49,52,137,141, 
and has the form: 
Z = fex{ iT ) = A(sinhaa r (1.4) 
where: 
£ is the equivalent strain-rate. (Is) 
Q is the activation energy. (J/mol) 
R is the universal gas constant. (J/kg K) 
T is the temperature. (K) 
A,a,n are matelial constants. 
a is the equivalentsteady state flow stress (MPa) 
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Fitting this equation to experimental data can be difficult because of the large number of 
constants. Although this relationship only includes the material's viscoplastic properties, a 
modified version that included the elastic response has been used in extrusion modelling\32. 
Johnson and COOk151 developed an alternative relationship for modelling ballistic impacts, 
which includes the elastic properties of the matelial and the effect of melting. The 
constitutive equation is: 
(J = (A + Bc" )(1 + Cln s· )(1- T *m) (l.5) 
where: 
A, B, n, C and mare mate11al constants. 
s· = ~ is the dimensionless plastic strain-rate for So = 1 . 
Co 
T-T 
T * = room is the homologous temperature. 
Tmelt -Troo11l 
This relationship was used in the modelling work by Askari et al. 148,149. Other constitutive 
relationships for ballistic modelling have been developed by Zerilli and Armstrong152 and 
Goldthorpe153 but have yet to be applied to the modelling of FSW. 
The modelling work presented in this thesis plimalily uses 7075 aluminium alloy. Jin et al. 154 
published a good set of stress strain-rate data that was obtained over a wide range of strain-
rates (up to 2100/s) and is reproduced in Fig. l.16. No constitutive relationship has been fit to 
this data. Note that the room temperature values are much greater than the tensile strength of 
the matelial in the T6 condition (572 MPa) from the aluminium handbook 155• The 
discrepancy may be a consequence of the different testing methods and strain-rates used. 
Several methods have been used to obtain the stress vs . strain rate data. At low strain rates 
either hot torsion or plane strain compression testing may be used. Hot torsion testing has the 
advantage of a constant strain rate up to the point of fracture, however lengthening of the test 
piece duling the test introduces axial stresses and the strain rate valies with specimen radius . 
Compression testing is limited by ban·elling, although the application of a lubricant can lessen 
its effect. Compression testing can be used for strain rates up to 300/s. At high strain rates 
(>500/s) Split-Hopkinson Pressure Bars are required to obtain the necessary data. Finally, 
North et al. 145 used a rotating pin plunge test to determine material properties for FSW 
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modelling. Although the viscosity relationship was not specified, the heuristic model used for 
their earlier work127 in friction welding may have been used. I.e. 
fJ = fJo exp(-B'fro ) 0·6) 
where fJo and B are constants and 'frO is the shear stress. 
Finally, the tests used to obtain the stress vs. strain-rate data usually involve holding the 
specimen at temperature for a period of time before conducting the test. While this will have 
little effect on non heat-treatable alloys (1000, 3000 and 5000 series), heat-treatable alloys 
with unstable microstructures (2000,6000 and 7000 series) will be affected by the duration of 
the hold. Therefore, the relatively short thermal cycle in FSW may result in the flow stress of 
the heat treatable alloys being higher than that predicted by stress-strain rate testing. Finally, 
the deformation itself may encourage the dissolution of precipitates which is not accounted 
for in the testing method. 
1.5.7 CFD Fundamentals 
The following section describes the fundamental equations solved by FLUENT, which have 
been adapted from the Fluent 6.0 User's Guide1S6. 
1.5.7.1 Continuity and Momentum Equations 
The equation for mass continuity is given by: 
V·v=o (1.7) 
where v is the velocity vector, and constant density is assumed. 
The equation for momentum conservation is given by: 
av 
p-+pv,Vv=-Vp+V'T 0.8) 
at 
where p, is the density, p is the pressure and 't is the stress tensor given by: 
T = fJ(Vv + Vv T) 0.9) 
where {t is the viscosity. If the material's response is viscoplastic, then an equivalent 
viscosity can be found from stress vs. strain-rate data using the following relationship derived 
in Appendix I.A. 
a 
fJ = 3£ (1.10) 
where a is the true stress and £ is the true strain-rate. 
28 
Chapter 1 
When solving equation (1.8) the viscous or shear forces dominate over the momentum terms 
because of the matelial's large flow strength. i.e. V· 't' is large compared with p av + p v · Vv' 
at 
For steady state conditions equation (1.8) becomes: 
pv·Vv=-Vp+V·'t' (1.11) 
This is a reasonable approximation which can be solved in preference to the more complex 
equation (1.8). 
1.5.7.2 Energy Equation 
The equation for energy conservation is: 
p aE + V. (v(PE + p)) = V· (kVT + 't'. v) 
at 
where: 
T is the temperature; 
k is the thermal conductivity; 
(1.12) 
E is the internal energy per unit mass is given by: 
rT p v2 E= J C dT--+-
T"f P P 2 
(1.13) 
where cp is the specific heat. 
The first term describes the rate of change in internal energy and is ignored in a steady state 
analysis. The second describes the heat flow caused by the movement of material and 
effectively calculates the convective heat flow. The third term calculates the heat flow due to 
conduction and the final term is the heat generation due to viscous heat generation. When 
using FLUENT the last term may be turned on or off. 
1.5.7.3 Slip Boundary Condition 
One of the critical aspects of a FSW flow model is the inteliace between the tool and 
workpiece matelial. In describing the intetface between two sliding sUliaces, Larsen-Basse 157 
stated that there is never complete contact because of small surface protrusions called 
asperities. The friction force is a result of the interaction between the asperities on the two 
sUliaces. To explain the conditions under high temperature and pressure, Kong and Ashby158 
devised Friction-Heating Maps. An example, shown in Fig. 1.17 describes the four regions of 
sliding contact. In the first region, the normalised pressure and rubbing velocity are 
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sufficiently low that dry sliding contact occurs. As the rubbing velocity increases (region 2), 
melting of the asperities occurs so the contact between the two surfaces is lubricated. 
Alternatively, if the pressure is high, while the rubbing velocity remains low (region 3), the 
two bodies can seize together and cause bulk matelial deformation. Finally, at high pressures 
and rubbing velocities (region 4) the material is heated to such an extent that bulk melting of 
the matelial occurs. It is postulated that FSW operates somewhere between the second and 
fourth regions. i.e. the asperities are likely to melt, while the bulk material temperature 
approaches the solidus. North et al. 146 supported this idea and argued that the peak welding 
temperature reaches the solidus when welding high strength aluminium alloys. A very small 
amount of matelial in the liquid phase lubricates the tool smface, and limits heat generation. 
Some models assume that the material sticks to the tool smface and a very thin low viscosity 
smface layer exists at the tool intelface. An alternative approach assumes that the matelial 
slides against the surface, which avoids modelling this thin smface layer. The work presented 
in this thesis uses the latter approach the justification of which is desclibed in Chapter 4. 
While implementing a slip boundary condition is complex for turbulent flows, in laminar 
flows the wall shear stress equals: 
'rll'=.u(n.\lv.n) (l.14) 
where n is the unit vector normal to the sulface. In addition, the velocity normal to the 
smface must equal zero, i.e. 
v·n =0 (l.15) 
1.6 Conclusions and Thesis Outline 
This chapter introduced the process of FSW and provided background to the field including 
the process advantages and disadvantages, the factors that affect weld quality, force and 
power measurements, and recent process developments. This section was followed by a 
description of experiments that enabled visualisation of the flow. Together with modelling, 
flow visualisation experiments are helping explain how the process works. 
The importance of modelling for assisting process understanding and suggesting process 
improvements was discussed. Recent thermal and flow modelling efforts in both FSW and 
the related processes of friction welding and extrusion were described. Although both are 
relevant to this thesis the main emphasis was on the flow models, which are able to predict 
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many of the features observed in flow visualisation experiments and have greater potential for 
suggesting process improvements. Using knowledge of FSW, ftiction and extrusion 
modelling techniques, a suitable solver was selected for the subsequent work. 
In conclusion, FSW is an increasingly important industtial process and modelling will 
conttibute to understanding and assist the process's already rapid development. With the 
exception of the recent work by Long et a1.52 none of the above authors used their models to 
optimise the process. In particular, none attempted optimisation of the pin profile or shoulder 
dimensions. 
Therefore, this thesis focuses on the modelling of FSW and aims to: 
(a) Provide a better understanding of the science behind the process. 
(b) Develop a useful numetical model of the process that is able to predict both the 
flow and thelmal fields. This information will be used to develop an improved 
tool design. 
(c) Validate the model predictions against data from instrumented FSW trials, and 
novel flow visualisation techniques . 
To enable the work to be industtially relevant a commercial aerospace aluminium alloy, 7075 
was chosen. 
To achieve these aims the thesis is structured in the following way. The next chapter 
describes a series of experiments designed to assist understanding of the process, and 
describes a simple thermal model with a crude prediction of the flow that was used to predict 
the weld temperature. The following chapter describes early 3 dimensional modelling work 
using a standard tool design and focuses on the pitfalls and problems encountered. The 
chapter concludes with a short section describing the methods used to obtain a stable solution. 
To address the pitfalls of the early modelling work while simultaneously simplifying the 
computation, 2 dimensional models that included material slip between the pin and workpiece 
material were developed. Using these models the pin profile was optimised to minimise the 
traversing force. A new tool was designed with this optimised profile and expetiments were 
conducted to compare the traversing force with conventional tooling. Finally 3 dimensional 
models of both new and CUlTent tool designs were developed, which enabled visualisation of 
the flow around the tool and a prediction of the welding forces which were compared against 
experimental findings. 
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Appendix I.A: Determining the Viscosity from the Normal 
Stress and Strain-Rate 
The equation for the effective stress is given by Bathe l59 : 
where S is the deviatOllc stress tensor. The equation for the effective strain-rate is given by 
Bathe l59 : 
£ = ~% i:. i: (A.2) 
where £ is the strain-rate tensor given by: 
i: = h (Vv + (Vv y ) (A.3) 
where v is the velocity vector. The equation relating the deviatOllc stress tensor to the strain-
rate is given in Fluent l56 : (Note that the bulk viscosity telm is ignored.) 
s = 2pi: (AA) 
where fJ, is the viscosity. The deviatoric stress is defined as: 
s = (J + pI (A.S) 
where (J is the stress and p is the pressure (positive in compression). Note that p is defined 
as: 
(Jill = ,X' (Jii = - P (A.6) 
Substitute equation (A.4) into (A.I): 
(J =~6fJ,2i:.i: 
Substituting from equation (A.2) gives: 
(J = 3fJ,£ 
Hence the viscosity is given by: 
(J (J 
fJ, = 3£ = 3£ (A.7) 
where (J is the true stress and £ is the true strain-rate. 
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Fig. 1.1 Schematic diagram of friction stir welding, 
Nugget 
3mm 
Heat Affected 
Zone (HAZ) 
Thermo Mechanically 
Affected Zone (TMAZ) 
Base Material 
Fig. 1.2 Standard FSW microstructure from Leonard3 l , 
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Fig. 1.4 Traversing force vs. rotation speed for various tools and welding speeds. The data 
was obtained from Johnson48 . 
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Fig. 1.5 Variation in the weld power divided by the welding speed verses the welding speed. 
The data was obtained from Johnson48 . 
Fig. 1.6 (a) Plain threaded and (b) MX-Triflute™ tools. 
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Fig. 1.8 Lap welds showing (a) sheet thinning on the retreating side and (b) a hook on the 
advancing side. 
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Fig. 1.9 Transverse marker result from Seidel and Reynolds77 • 
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Fig. 1.10 Vertical mixing of the markers after they were projected in the vertical plane. The 
image is reproduced from Seidel and Reynolds77 . 
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. .-
Material on advancing 
side comes into much 
closer contact with 
the tool surface. 
Fig. 1.11 Streamline plot reproduced from Seidel and Reynolds 137 . 
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Fig. 1.12 Three dimensional image of copper marker material in 2024 FSW reproduced from 
Dickerson et al. 78. 
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FSW Pin 
2mm 
Fig. 1.13 Pathline markers reproduced from London et al. 81 , 
Fig. 1.14 SiC marker along the centreline reproduced from London et al.82, 
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Fig. 1.15 'Stop action' exit hole reproduced from ColIigan83 . 
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Chapter 2 
Experimental and Numerical Thermal Analysis of 
7075-T7351 Friction Stir Welds 
2.1 Introduction 
This chapter describes a series of expeliments used to gain a better understanding of the FSW 
process and provide temperature data for validating thermal models. Because flow modelling 
is a major emphasis of this thesis, an objective was temperature measurement within the 
deformation zone close to the tool smface. The chapter concludes with a simple thelmal 
model that includes a crude prediction of the flow around the pin to estimate the convective 
heat transfer. 
2.2 Method 
2.2.1 Material and Equipment 
The welding trials were conducted on both 6.35 mm and 16mm plate using 7075-T7351 
aluminium alloy. The composition of the materials used for the welding trials is shown in 
Table 2.1. The 16mm plate welds were made with two different tools. Since the tool in the 
first trial proved susceptible to breakage, a modified version was used for the second trial. 
The final welding ttial used 6.35mm plate. 
The 16mm plate was 1m long and 140mm wide. One side of the plate was machined to 
provide a smooth sUlface for welding. Eight holes were drilled in each pair of plates enabling 
thermocouples to be located at the positions indicated by Fig. 2.1a. The holes on the 
centreline were drilled from the side which enabled the thermocouples to flow around the 
tool, increasing their chance of survival. The 6.35mm plates were 900mm long and lOOmm 
wide, and were prepared in a similar manner to the 16mm plate, but with only 6 
thermocouples located as shown in Fig. 2.1 b. The thermocouples were calibrated according 
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to standard TWI procedures and scanned at a rate of 10Hz. The data was smoothed to remove 
electrical noise. 
The welds were made on the ESAB SuperStir™ machine at TWI. The spindle torque was 
calculated from a voltage on the controller that was indicative of the motor torque. This 
voltage was calibrated at different rotational speeds and torques with a hydraulic pump, which 
applied a vatiable torque measured by a dynamometer. The power input to the welds was 
estimated by multiplying the weld torque by the rotation speed l . The translational power 
input is less than 1 % of this value and can be ignored. Force and torque measurements have 
been reported elsewhere by Johnson2,3, Reynolds and Tang l and Lienert4. These authors 
provided data for tools based on the 5651 concept developed by Dawes et al. 5 . The cunent 
work has been undertaken to gain a better understanding of the heat inputs from tools based 
on the MX-Triflute concept6. 
2.2.2 Triall (l6mm Plate) 
Although tool breakage proved a problem, this tlial successfully demonstrated the effect of 
tool material on the weld quality and temperature. Three tool materials were used: the first 
was made of MP159 which was uncoated; the second was made of a tool steel called Dievar 
which had a 'Tuftride' coating to improve surface hardness; and the third, 'Combination' used 
an MP159 pin for strength and a H13 tool steel shoulder for weld quality. Neither material 
was coated. All welds used a welding speed of 105mmfmin and a rotation speed of 330 rpm. 
Torque was not measured for any of these welds, but temperature data was obtained in each 
case. 
2.2.3 Trial 2 (l6mm Plate) 
The second tlial used a revised tool design made entirely of MP159 that had the 'Tuftride' 
surface coating, which produced successful welds. Table 2.2 shows the welding parameters. 
Note that the rotation and traverse speeds were varied systematically to enable comparisons 
between welds with the same forward movement per revolution. Macrosections were taken 
from these welds to compare the deformation region size and shape. 
2.2.4 Trial 3 (6.35mm Plate) 
The final trial in the thinner plate used a tool made entirely of H13 tool steel that had the 
'Tuftlide' surface coating. This was an established tool for this material and was therefore 
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successful. The welding parameters are shown in Table 2.3. Like the previous trial, rotation 
and traverse speeds were selected to enable comparisons of tool forward movement per 
revolution. Note that three of the welds were repeated with a higher plunge depth. The actual 
plunge depth could not be measured (easily) because the deflection of the support structure 
nullified the measured values. 
2.3 Results 
2.3.1 Weld Quality 
2.3.1.1 Trial 1 
Welds made with the MP159 tool showed significant voiding on the top sUlface that did not 
occur with the Dievar tool. The quality of the weld that used the 'Combination' tool produced 
a weld with some voiding, but was less than the MP159 tool. 
2.3.1.2 Trial 2 
The tool design used in the second trial proved more successful and higher welding speeds 
were achieved. However, when using the higher rotation speeds scaling or 'blistering' of the 
top sUlface OCCUlTed. Lowering the rotation speed to 220 and 190 rpm overcame the problem, 
while adjusting the welding speed had no effect. 
Figure 2.2 shows a macrosection with an overlay of the tool. The edge of the dynamically 
recrystallised region follows the pin profile on the retreating side apart from a small region 
near the shoulder where the TMAZ wraps around the DRZ. On the advancing side the edge 
of the DRZ boundary bears no relation to the tool profile, being almost perpendicular to the 
plate. It is possible that greater adhesion between the tool and material near the base of the 
pin increased the DRZ size. 
The size of the DRZ and TMAZ at mid-thickness is shown in Fig. 2.3. Both reduced with 
increasing welding speed. Changing the rotation speed had little effect in the size of the DRZ 
while the size of the TMAZ reduced at lower rotation speeds. 
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2.3.1.3 Trial 3 
This tlial used established tools and welding parameters so the quality of the welds was high. 
Nevertheless, when the welds were repeated with a higher plunge depth, surface scaling or 
'blistering' was observed. This is shown in Fig. 2.4. 
2.3.2 Temperature 
The accuracy of temperature measurement in FSW is affected by electlical noise, rubbing of 
the thermocouple against the tool, imprecise theilliocouple positioning, steep thermal 
gradients and thermal lag. Duplicate expeliments by Dickerson et al.7 have shown that 
nominally identical welds can have standard deviations of approximately lO°C. It is 
estimated that the error in the temperature readings near the tool is approximately ±20oC. 
Fmther away from the tool this uncertainty is lower (perhaps ±5°C). Thermal cycles are 
presented later in comparison with the predictions of the thermal model. 
2.3.2.1 Trial 1 
Figure 2.5 shows a comparison of the peak temperatures for all three welds. All three tools 
had peak temperatures between 520°C and 550°C. The peak temperatures along the centreline 
show that the tools with the MP159 pin are hotter than the one made entirely of tool steel. 
The tool that was made entirely of MP159 was the hottest. This discrepancy did not occur 
near the base of the pin or lOmm from the centreline, where the Dievar tool had the highest 
temperatures. The differences in far field temperatures were minimal. 
2.3.2.2 Trial 2 
Figure 2.6 summarises the peak temperatures at three thermocouple positions at vanous 
welding and rotation speeds. All the peak temperatures measured along the centreline were 
between 520°C and 550°C and no trend was observed. At a position of lOmm from the 
centreline, (y=lO, z=8) the welds with the highest rotation speed were consistently hotter than 
the other two. At this position, the peak temperature reduced with welding speed. Finally, 
the peak temperatures measured in the far field (y=50 mm, z=8) show virtually no valiation 
with rotation speed and a slight reduction with welding speed. 
2.3.2.3 Trial 3 
Figure 2.7 shows the peak temperatures at four thermocouple positions for the low plunge 
depth welds. While the temperature near the tool sUliace was slightly hotter at the higher 
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rotation speeds, there was little difference 20 and 50 mm from the centreline. Figure 2.8 
compares a high and low plunge depth weld. · While the peak temperatures near the tool 
sUlface were nearly identical, the temperature in the far field was much greater for the weld 
that had the greater downforce. 
2.3.3 Discussion 
2.3.3.1 Peak Welding Temperatures 
It is interesting to compare the peak welding temperatures with the thelmal properties of 7075 
from Davis8. This reports an incipient melting temperature for homogenised (solution heat 
treated) matelial of 532°C. The peak temperatures of the thick section welds were very near 
this value which suggests that surface melting OCCUlTed, or that this temperature limited the 
heat generation. 
The peak temperatures for the thinner material (third tlial) were lower because of the high 
welding speeds involved. (Note that the peak temperature was more difficult to measure 
because of the steeper thermal gradient.) Therefore changing the rotation and welding speed 
appeared to have a slightly greater impact on its value because the solidus was not reached 
(from the limited expelimental data). 
2.3.3.2 Weld Power 
Figure 2.9 shows a plot of the energy input per mm of weld versus the welding speed for the 
second and third tlials. The plot shows that the effect of rotation speed on the weld power is 
small and is slightly greater in the third tlial. The plot also demonstrates that the higher 
plunge depth welds in the third tlial had a slightly higher power input. 
As a consequence of near melt temperatures the energy input per mm of weld was virtually 
independent of the rotation speed. This observation is consistent with the far field 
temperature measurements, which were also independent of the tool rotation speed. The 
slightly greater effect of rotation speed on the power input in the third trial is also consistent 
with the temperature results for these welds discussed above. As the peak temperature was 
below the solidus, heat production could increase marginally with a higher rotation speed. 
The far field temperature lise was insensitive to the moderate differences in heat input. 
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2.3.3.3 Tool Material Comparison - Trial 1 
From the few results available, the more uniform temperature distribution around the tool 
with the Dievar tool (Fig. 2.5) suggests that more material mixing occurred. 
Secondly, the tools that used MP159 encouraged more surface heating. This is reflected in 
the higher temperatures measured near the tool surface. There are two possible causes : 
• The thermal conductivity of MP159 is lower (data not available) which resulted in 
higher welding temperatures. 
• The material adhered to MP159 more than tool steel. This resulted in a greater 
sUlface shear stress (assuming that the material 'slips' rather than 'sticks' to the 
tool) leading to more surface heating and higher temperatures. 
It is believed that the second is the more likely cause given the relatively small heat loss 
through the tool (thermal models suggest 2% in steady-state). Secondly, poor weld quality 
was observed along the entire length of the weld, not just during the steady-state period where 
the tool heat loss was minimal. 
2.3.3.4 Surface Scale 
In the second trial lowering the rotation speed produced a flatter temperature profile for a 
similar heat input. This avoided overheating the surface and the production of sUlface scale. 
In the third trial the cause of surface scale was excessive plunge depth . It was found that the 
width of the sUlface feature on the high quality weld was 1-2mm less than the diameter of the 
tool shoulder while it equalled the shoulder diameter on the low quality weld. Therefore the 
higher plunge depth increased the contact area between the tool and welded material. This 
resulted in a higher heat input that caused sUlface scale. Further reduction of the rotation 
speed (as for trial 2) may alleviate this problem. 
2.4 Thermal Model 
Thermal models of the experimental welds were created to give a better understanding of the 
heat flows and allow the predicted heat input from the model to be compared against that 
from experiments. Chapter 1 discussed the different thermal modelling techniques and 
concluded that FLUENT should be used for the flow modelling work. Although FLUENT is 
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a CFD solver it can also be used to compute the heat flow, and its CFD capability allow it to 
calculate the convective heat flow around the tool due to the material flow. 
2.4.1 Model Description 
2.4.1.1 Overview 
The heat flows that occur during FSW are described in chapter 1. The tool generates heat via 
a combination of friction at the tool surface and viscous dissipation within the deformed 
material. This heat is conducted into the tool and welded material, and is then convected from 
the top surface or conducted into the backing plate. 
As mentioned in chapter 1 the convective heat flow around the tool induced by material 
stin'ing is usually ignored in flow models. The convective heat flow was calculated from a 
crude prediction of the material flow around the tool. This was obtained from a model that 
ignored the features of the tool and assumed the material was isothermal for the purpose of 
calculating the viscosity. The viscosity was found at a temperature near the solidus (527°C) 
from experimental stress vs. strain-rate data produced by lin et al. 9. The data was interpolated 
on a logarithmic strain-rate scale by the solver. 
2.4.1.2 Model Set-up and Boundary Conditions 
Figure 2.10 shows the basic set-up for the steady-state thermal model. Two region types were 
defined in the CFD package. The first was the fluid region where both flow and thermal 
equations were solved. The central channel shown in Fig. 2.10 is of this type. The second is 
the solid region where the material is known to be not deforming so only the heat equation 
was solved. The aluminium remote from the tool on either side, the backing plate and the tool 
were of this type. 
The tool and backing plate were included to calculate the heat loss to these regions. In an 
effort to keep the model size small, a single layer of elements was used for both. Conduction 
zones where heat loss is calculated by the one-dimensional heat equation were defined on the 
top surface of the tool and the bottom of the backing plate. The solver calculated the heat loss 
from a 100mm thick tool and a 40mm thick backing plate. Note that the tool pin is included 
in the model and has the properties of steel. 
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Even though the 1 dimensional heat equation method was rather approximate, a comparison 
with a model that included these features as solid elements showed good correlation. It is 
considered that this method is more accurate than the alternative of using an equivalent heat 
transfer coefficientlO,II. 
To model the incomplete contact between the welded material and the backing plate a contact 
resistance was used. Note that the thelmal contact resistance is defined as the reciprocal of 
the heat transfer coefficient (i.e. lIh). This concept was discussed by Colegrove et al. I2 and 
Khandkar et al. lo who both used a value of 1000 m2W/K. The value of the contact resistance 
was the most uncertain aspect of the model since there is a lack of published data, and its 
value is highly dependent on the pressure between the contacting surfaces. Therefore it was 
used as an 'adjustable parameter' in the model. Two different values were used in the model: 
a high value was used under the shoulder, where the thermal contact was good, and a low 
value was used in the far field where the interface pressure was low. Table 2.4 summarises 
the optimal values for each trial, which gave best agreement between experimental and 
numerical thermal profiles. Convective heat loss to the air was included on the top surface of 
the flow and solid regions using a convecti ve heat transfer coefficient of lOW Im2K II. 
The heat input to the model was applied with a uniform heat flux on the annular surface of the 
shoulder and the conical surface of the pin. The value was adjusted to give good correlation 
with experimental results and viscous and frictional heating were not included. Some authors 
have used a radially varying heat sourcell ,12, however this leads to artificially high peripheral 
temperatures. Secondly the results are largely insensitive to the exact distribution as distance 
from the interface increases due to the high conductivity of aluminium and the effect of 
mixing. The same heat flux was used on both the shoulder and pin except for the low plunge 
depth 6.35mm welds. These used a heat flux at the pin that was twice that at the shoulder. 
This gave a better correlation between experimental and numerical thelmal profiles. 
2.4.1.3 Mesh 
Figure 2.11 shows the mesh used for the model. Hexahedral elements were used and the 
effect of the mesh density on the thelmal profile was checked to ensure that it was sufficient. 
Tetrahedral elements were tested and found to give a poorer temperature prediction, 
particularly near the tool surface. Finally the length of the model in the x direction was tested 
to ensure that further increases had negligible effect on the thelmal profile. 
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2.4.1.4 Material Properties 
The material properties used for the models are shown in Table 2.5. The values are 
independent of temperature in all cases except for the specific heat and thermal conductivity 
of aluminium. In this case temperature dependent values from Mills l3 were used in 
conjunction with room temperature data from Davis8. 
2.4.2 Results 
2.4.2.1 Temperature 
Fig. 2.12 shows a compaIison between a model that included the flow induced convective 
heat flow against one where is ignored, i.e. the heat flow is due to conduction only. The 
model that included the convective heat flow has a more unifOlID temperature profile around 
the tool. Figure 2.13a and b show the expeIimental and numeIical thermal profiles for typical 
welds from the second and third trials respectively. The power input to the welds was 
adjusted to match the thermal profiles with a typical uncertainty of ±100W. These values are 
discussed in the next section. 
A compaIison was made between the temperature plotted along a line at fixed (y,z) with that 
along a streamline for the 16mm weld from the first welding tIial. This is relevant to 
microstructural analysis where the final properties of the mateIial are determined from the 
weld thermal profile. In a real weld the temperature history expeIienced by the mateIial is not 
that along a line at constant (y, z) but that which it experiences as it flows around the tool. To 
demonstrate the difference, temperature was plotted along the line y = ±8, z = 8 and compared 
with the conesponding streamline plots starting at this position on both the advancing and 
retreating sides of the tool. Figure 2.14a shows the streamlines of interest. The temperature 
comparison in Fig. 2.14b demonstrates that while there was very little difference for the 
retreating side streamline, the mateIial that started on the advancing side expeIienced a 
slightly higher peak temperature. This is because the material on the advancing side flowed 
around the pin so there is quite a large deviation with the conesponding line temperature plot. 
The mateIial on the retreating side undergoes a relatively small deviation, so the difference in 
temperature with the line plot is negligible. Note that the velocity of the mateIial near the tool 
is much higher than that in the far field, so the shape of the temperature vs . time curve is not 
greatly affected by the flow path. i.e. the time for the mateIial to flow around the tool is 
relatively short. 
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2.4.2.2 Weld Power 
Myhr and Grong l5 and Grong l6 have shown that under certain limits the weld thermal profile 
is dependent on the parameter: 
where: 
Q 
vd 
(2.1) 
Q = Power (W) 
v = Welding Speed (mm/s) 
d = Material Thickness (mm) 
This is obtained from Rosenthal's analytical solution 17 to the heat equation and is for a line 
heat source in a semi-infinite plate, when the welding speed is fast compared to the heat ' 
conduction rate. Myhr and Grong l5 demonstrate that this is a good result for steel, but breaks 
down for arc welding of aluminium. Shercliff and Colegrove l8 have also shown that FSW in 
aluminium does not fall into the I-D heat flow regime for which this is the expected result. In 
spite of this, it is convenient to use simple combinations of process parameters to characterise 
the heat input in welding. It is proposed here that one way to take the volume of material 
being heated to weld temperature into account, is to divide the heat input per mm of weld, 
Qlv, by the sUliace area of the tool in contact with aluminium (ignOling the base of the pin) 
rather than the plate thickness. i.e. 
Q 
vA 
(2.2) 
where: 
A = Tool surface area (mm2). A "" 80d for tools used. 
Figure 2.15 shows a plot of experimental and numerical values of this parameter against the 
welding speed. Note that the units of welding speed have been converted to mm/s. The 
ability of the parameter to cOlTelate results is good, allowing a power relationship to be fit to 
the data. The numerical estimates of power were less than expelimental values determined 
independently using torque and rotation speed, with the percentage difference being greatest 
for the thin material from the third trial. One explanation is that the model does not fully 
capture the heat flows that occur in the real welding process, though there may also be 
systematic en'ors in the experimental measurement of torque and rotation speed. 
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Greater power per mm of weld is required at the lower welding speeds because more heat is 
conducted away from the tool. i.e. the slower welding speed allows more time for heat to be 
conducted away. Therefore more heat per mm of weld is required to heat the material up to 
welding temperature and the far field temperature is cOlTespondingly higher. 
The trendline from the experimental values in Fig. 2.15 shows that the following approximate 
relationship holds between the weld power, weld speed and the tool area: 
g = 3v-O.5 (2.3) 
vA 
RealTanging this equation gives the following estimate of the weld power for 7075 aluminium 
alloys: 
Q = 3Avo.5 (2.4) 
2.S Conclusions 
Using experimental and theoretical techniques this work has enabled a better understanding of 
the thermal response of the material in the Friction Stir Welding process. The tool material 
was found to affect the peak welding temperatures and the weld quality. It was concluded 
that the different tool materials exerted different surface shear stresses on the welded material. 
The work showed that the peak temperature when welding 7075-T7351 was very near the 
solidus. This temperature limited the heat generation so changing the rotation speed had very 
little effect. An analysis of the variation in peak temperatures with welding and rotation 
speed showed little difference in the far field temperatures with changing rotation speed. This 
reflected the nearly identical power input from the torque measurements. 
Surface scale was found to be a problem on several of the welds. The thick section welds 
showed that it was exacerbated by high rotation speeds, which was reflected in the sharper 
thermal gradient. The thin section welds showed that the problem was worsened by a high 
plunge depth which increased the contact area between the tool shoulder and welded material. 
A numerical CFD model was developed to simulate the heat flows that occun-ed during the 
process. This model included material mixing which flattened the temperature profile near 
the tool sUlface. The heat input from the model was compared against that measured by 
experiment. Even though there was not an exact match, the two showed similar trends. When 
62 
Chapter 2 
the contact resistances and power inputs were adjusted carefully a close match was obtained 
between experimental and numerical temperature profiles. The thermal model has sufficient 
accuracy to be used for microstructural and flow modelling across all the zones of a FSW, up 
to the tool interface. A modified version of the model for 6.35mm plate is used as a basis for 
the flow model described in chapter 6. 
Finally the power input for all the welds was divided by the welding speed and tool surface 
area and plotted against the welding speed. The values fell along a curve through which a 
power law relationship was fitted. This enabled the weld power to be estimated. 
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Table 2.1 Compositions of 7075 alloys used for the welding trials. 
Thickness Si Fe Cu Mn Mg Cr Ni Zn Ti Zr Pb Sn Others Al 
(mm) 
6.35 0.06 0.11 1.55 0.03 2.7 0.2 0.0036 5.99 0.02 0.0044 0.002 Rem 
16 0.058 0.102 1.63 0.018 2.406 0.2 0.005 5.726 0.041 0.005 0.004 0.003 0.0085 Rem 
--- -
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Table 2.2 Welding parameters for Trial 2 (16 mm 7075-T7351). 
Tool Welding Speed (mm/min) 
Rotation 
Speed (rpm) 
302 181 242 302 
255 153 204 255 306 357 
220 176 220 264 308 
190 190 
0.6 0.8 1 1.2 1.4 
Tool Forward Movement per Revolution (mm) 
Table 2.3 Welding parameters for Trial 3 (6.35 mm 7075-T7351). 
Tool Plunge Depth (High/Low) 
Rotation Welding Speed (mm/min) 
Speed (rpm) 
Low I High Low I High 
457 367 457 
Low Low Low I High 
394 315 394 472 
0.8 1 1.2 
Tool Forward Movement per Revolution (mm) 
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Table 2.4 Summary of thermal contact resistances used in thermal models. 
Trial No: Shoulder Contact Far Field Contact 
Resistance (mm2W IK) Resistance (mm2W IK) 
1 100 2500 
2 100 2500-3333 
3 100 1250 
Table 2.5 Thermal properties of the materials used in the thermal model. 
Material Name Density (kg/m3) Specific Heat (J/kgK) Thermal Conductivity 
(W/mK) 
7075 
Aluminium 2800
8 See figure below. See figure below. 
Steel (0.5% C 
Steel) @ 150°C 7833
14 465 14 50 14 
H13 Tool Steel 
(5% Chrome) @ 7833
14 460 14 36 14 
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Fig. 2.1 Transverse sections of (a) 16mm plate and (b) 6.35mm plate showing the locations of 
the thermocouples. 
Fig. 2.2 Macrosection from second welding trial with tool overlay. (Rotation speed = 220 
rpm, welding speed = 220mm/min and plate thickness = 16mm.) 
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Fig. 2.4 Surface of welds done with a rotation speed of 457 rpm and a welding speed of 
457mm/min with high and low plunge depths. 
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Peak Temperature 
(DC) 
Position 
y=0,z=13 y=0,z=8 y=0,z=4 y=10,z=13 y=10,z=8 y=10,z=4 y=20,z=8 y=50,z=8" 
. MP 159 548 541 515 441 410 370 306 176 
o Dievar 519 529 518 462 420 377 303 173 
o Combination 541 539 506 456 417 304 176 
Fig. 2.5 Comparison of peak temperatures with different tool matelials for the first welding 
trial, in 16mm plate. 
600~----------------------------------------~ 
500 
-() 
o 
-~ 400 
::J 
-~ 8. 300 
E 
~ ~ 200 
ca (1) 
a.. 
100 
.... . 
- - - --- .. --............... ~ y=10, z=8 
... - -.. . .  --.,=w::~~~ ... ~ ........... ..... 9i= .. =.. . .. ___ ... y=50, z=8 
O+--------r-------,--------r-------,-------~ 
125 175 225 275 325 375 
Welding Speed (mm/min) 
Rotation 
Speed (rpm) 
-+-302 
--II- 255 
-. '220 
I Typical Error 
Fig. 2.6 Comparison of peak temperatures at 3 three thermocouple positions for the second 
welding trial in 16mm plate. 
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Fig. 2.7 Summary of peak temperatures for the third welding trial in 6.35mm plate (low 
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Fig. 2.9 Energy input per mm of weld vs. welding speed for the second and third trials. 
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Fig. 2.10 Description of the regions in the thermal model. 
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Preliminary 3 Dimensional CFD Modelling of Flow 
around Threaded and Unthreaded Tool Profiles 
3.1 Introduction 
One of the great challenges is the development and validation of a 3 dimensional flow model. 
This chapter describes the initial development of such a model for the 5651 tool profile 
developed by Dawes et al. l . Other authors2,3 have also developed flow models for this tool. 
The aim of this preliminary study was to explore the benefits and pitfalls of using CFD to 
model FSW. To do this a flow model was developed that included: 
(a) a coupled thermallflow analysis; 
(b) heat generation by viscous dissipation; 
(c) full thermal boundary conditions, such as heat loss to the backing plate and tool, 
and the convective heat loss on the top smface of the plate; 
(d) the tool rake angle. 
The final section discusses potential causes of error in the CFD output and ways of obtaining 
a stable solution. In particular, the mesh density and number of iterations required to obtain 
credible values of the traversing force and defOlmation zone size were determined. The 
outcomes from this section are used for the 3 dimensional models described in chapter 6. 
Although not reported, a similar analysis was undertaken for the 2 dimensional models 
described in chapters 4 and 5. 
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3.2 Description of the Model 
3.2.1 Model Regions 
The 3 dimensional models analyse a rotating tool with the material translating past it at the 
welding speed. It was assumed that the material stuck to the tool surface because this was 
much easier to implement than a slip boundary condition. The workpiece material is 
subdivided into the five regions shown in Fig. 3.1 which are defined as either a fluid or a solid 
region in the FLUENT4 solver (see chapter 2). A rotating mesh that moves at the rotation 
speed of the tool represents a fluid region adjacent to the tool. This is embedded in a 
stationary mesh external to the rotating region, extending to the length of the plate, which 
models the flow and thelmal response of the material that passes through the deformation 
zone. To either side, a solid aluminium region models the thermal response in the non-
deforming region, which is known to be travelling at the welding speed. Finally the tool and 
backing plate are solid regions that are used to calculate the heat loss to these components. 
3.2.2 Solver Type and Boundary Conditions 
The model was solved as a steady-state problem. While this solution technique is valid for an 
axi-symmettic or cylindrical tool, the solution will only be an approximation for a threaded 
tool. In this case the solution is a 'snap-shot' of the flow at a particular instant in time. The 
approximation is reasonable provided the time-dependent terms in the Navier-Stokes equation 
remain small. The benefit of this approach over a full transient analysis is much faster 
solution times. 
The model assumed that the material sticks to the tool surface, so the material velocity 
equalled the rotation speed multiplied by the radius. The translation is prescribed by allowing 
the material to flow past the tool. Therefore the material enters the model at a velocity equal 
to the welding speed, and at ambient temperature. 
Both isothermal and non-isothermal models were solved. The isothermal models used a 
representative temperature of 800K, while the non-isothermal models included the heat 
equation and calculated the heat generation from viscous dissipation. Like the theLmal model 
in chapter 2, the heat loss through the tool was calculated by defining a conduction zone on 
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the shoulder. This calculation assumed that the far surface was at ambient, and the material 
was 100mm thick tool steel. To model the impetfect contact between the aluminium and 
backing plate a contact resistance of 1000 mm2KJW from Colegrove et al. 5 was used. The 
temperature on the bottom of the backing plate far wall was set to ambient. Finally, a 
convective heat transfer coefficient of 10 W/m2K 5 was used for the convective heat loss from 
the top sutface of the plate. Some of the models use a raked region around the tool shoulder 
so that the tool could be inclined away from the direction of travel. This is desclibed in 
greater detail in section 3.2.4. 
3.2.3 Material Properties 
The aluminium alloys 5083 and 7075-T6 were used for the analysis. The material propelty of 
most interest was the viscosity, which was found from the normal stress and strain rate via the 
relationship described in Appendix 1.A. The flow stress of 5083 was found from the Sellars-
Tegart6 constitutive law: 
Z = "ex{! ) = A(sinh ao} (3.1) 
where: 
E: is the strain-rate (Is), 
Q is the activation energy (J/mol), 
R is the universal gas constant (J/kg K), 
T is the temperature (K), 
A, a,n are material constants. 
Values of Q = 161 kJlmol, A = 1.62 Is, a = 0.019 IMPa and n = 3.2 from Sheppard and 
Tutcher7 were used for the analysis. 
The flow stress for 7075-T6 was found by interpolating experimental stress vs. strain-rate data 
from Jin et al.8. The values were interpolated on a logarithmic scale with strain rate and on a 
linear scale with temperature. Both of these relationships were implemented in FLUENT 
through user-defined code. Importantly, unlike Seidel and Reynolds9, neither viscosity 
relationship included matelial softening near the solidus, which led to the over-prediction of 
weld power and temperature reported in subsequent sections. Material softening was 
attempted in FLUENT but found to cause an unstable solution. Hence further development in 
the following chapters uses a slip boundary condition to capture the low viscosity behaviour. 
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The thermal properties used for the models are shown in Table 3.1. The values are 
independent of temperature in all cases except for the specific heat and thelmal conductivity 
of the aluminium alloys where temperature-dependent values from MillslO were used. Note 
that the values from Mills for 5083 were actually for 5182, which has a similar composition. 
3.2.4 Mesh Types 
Meshes were generated for the model based on the design of the 5651 tool developed by 
Dawes et aLl. Figure 3.2 shows the dimensions of this tool. Several steps were required to 
generate a mesh of the material around the tool. Firstly a solid model of the tool was created 
in Mechanical Desktop 13. This was exported into the FLUENT mesh generation program 
GAMBITI4. In GAMBIT the geometry was modified around the bottom and top of the tool 
threads to avoid the generation of highly distOlted elements. Finally regions were created 
around the tool in accordance with section 3.2.1, which were then meshed. 
Two meshes of the 5651 tool were generated: in one the tool was normal to the workpiece 
(5651-normal) and in the other it was raked at 2.50 away from the direction of travel (5651-
raked). Several altemntive meshes for raking the tool were attempted, however the mesh 
shown in Fig. 3.1 which used a 'prow' around the shoulder was the only one that was 
successful. A final mesh (Unthreaded Tool) was an unthreaded version of the '5651-normal' 
mesh described above. 
As seen in Fig. 3.1, the inner part of the tool protruded above the shoulder. This avoided the 
creation of highly distorted elements around the fillet where the pin meets the shoulder. 
Tetrahedral elements were used and a spacing of 0.3mm was used on the surface of the tool. 
In the '5651-raked' mesh the plate thickness was 6.35mm, while the other two meshes where 
the tool was normal to the surface used a plate thickness of 6.95mm. This is because the tool 
protrudes further into the plate when it is normal to the surface. All the models used a 
backing plate with a thickness of 40mm and width of 140mm. Finally all the models 
extended 70mm ahead of the weld and 100mm behind. In this preliminary study tests on the 
influence of mesh density and the effect of plate size were not undertaken. 
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3.2.5 Model Types 
Table 3.2 describes the meshes and welding parameters used for the models. Note that unless 
otherwise stated, two versions of each were solved: one was an isothermal (800K) model and 
the other was a thermal model. Both used the material properties of 5083 aluminium alloy. 
The 7075 properties were only used for one isothermal model, since the full thermal model 
could not be solved due to the high heat generation and excessive temperatures produced with 
these properties. 
3.3 Results 
The results primarily focus on the thermal model of the '5651-raked' mesh that used a 
welding speed of 90mmlmin and a rotation speed of 500rpm. This is the so-called 'standard 
model'. The other models are described where their results are significantly different. 
3.3.1 Arrow Plots and Deformation Region 
Figure 3.3 shows vector plots of in-plane velocity on horizontal planes at positions z = 0.1, 
3.175 and 6mm from the bottom face, for the standard model. Referring to Fig. 3.3a, the 
material under the dome of the tool (root) is influenced by the rotating tool above. At mid-
thickness (Fig. 3.3b) there is a large rotating region around the tool. Overlayed on this image 
is a line where the strain-rate equals 2/s, which approximates the boundary between the 
rotating and stationary flow regions. Finally, Fig. 3.3c shows the rotating material under the 
shoulder. Note that in all cases there is a stagnation point on the advancing side, and all the 
material up to this point flows around the retreating side of the tool. 
Figure 3.4 shows a longitudinal vertical section that compares the size of the deformation 
regions between an isothermal and a thermal model. Interestingly very little difference is 
observed between the two, which contrasts with the dramatic reduction observed in a model 
for 7075-T6 that included a thermal profile in chapter 6. In the latter work a large increase in 
material strength occurs outside the deformation region, but this is far more gradual with the 
Sellars-Tegart material properties for 5083 used in the CUlTent work. 
Streamlines of the flow around the tool are shown in Fig. 3.5. Note that streamlines are 
instantaneously tangential to the flow and are shown for a particular tool Olientation. i.e. the 
flow is calculated for one tool orientation and the streamlines are found for that position. 
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Particle tracks are much more difficult to calculate and require a full transient analysis. The 
planar view, (Fig. 3.5a) demonstrates how the material is swept around the retreating side of 
the tool. The deformation zone is large compared with the 2 dimensional models in the next 
chapter, expetimental results 15,16 and later modelling work in chapter 6. The deformation 
zone is larger than the 2 dimensional models because of the additional stirring induced by the 
shoulder. Other factors that may have caused the difference are the tetrahedral elements and 
5083 properties used for this analysis as opposed to the hexahedral elements and 7075 
properties used later. 
The longitudinal streamlines in Fig. 3.5b show very little deviation in height as the matelial 
passes the tool. This is in contrast to the quite large vertical movement of matetial observed 
by Colligan 17. The problem is caused by the model's over-prediction of the deformation 
region size. 
3.3.2 Pressure Plot 
Contours of the pressure were plotted for each of the tool types at a welding speed of 
90mm/min and a rotation speed of 500rpm. Figure 3.6 shows the significant differences 
observed. In the raked mesh (Fig. 3.6a) the pressure is lower ahead of the tool, while the 
normal tools (Fig. 3.6c and Fig. 3.6d) have a higher pressure ahead of the tool. The first result 
is countetintuitive and is a consequence of the angle of the tool, which 'squeezes' the matetial 
behind the tool. This raises the pressure causing the pressure reversal. Even though this is 
unlikely to be a real effect, the comparison demonstrates that raking the tool increases the 
pressure behind the tool. 
None of the pressure plots were particularly smooth, with all the results being rather patchy. 
In the enlarged picture of the 5651-raked tool in Fig. 3.6b, there is a high pressure on the front 
face of the domed tip as the material is pushed underneath the tool. The pressure near the 
thread surface doesn't appear to show any particular trend. i.e. in some places there is a high 
pressure on the bottom face of the threads, but this is far from consistent. 
The pressure distribution gave little insight into the effect of tool shape on the process. Force 
comparisons, which are discussed below are more easily quantified and provide more 
practical guidance. 
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3.3.3 Temperature, Force and Power Comparison 
The temperature contours from the raked model in Fig. 3.7 demonstrate how the contact 
resistance inhibits the heat flow to the backing plate. The peak temperature of all the thelmal 
models that used a welding speed of 90mm/min and a rotation speed of 500rpm was 
approximately 860°C, which is well in excess of the welding temperature of 550°C expected 
for this materials. Note that the heat is generated from viscous dissipation within the 
defOlming material rather than being applied as a heat flux at the tool wall, which was done in 
the previous chapter. The mesh type had little effect on the peak temperature. As discussed 
in the previous chapter, one possible reason for this discrepancy is that slip may occur 
between the tool and welded material, which reduces the heat input and avoids material 
melting. Altel11atively, the low viscosity behaviour of the material near the solidus has not 
been included in the constitutive model. 
Figure 3.8a shows the effect of the welding parameters on the peak temperature. The welding 
speed had little effect, while increasing the rotation speed caused a significant increase in the 
peak temperature. Obviously this is caused by the greater heat production from the higher 
rotational speed. In the last chapter it was shown that when welding 7075-T6 aluminium 
alloy neither the welding or rotation speeds have a significant effect on the peak temperature, 
for conditions that produce sound welds. Song and Kovacevic l8 made a similar finding when 
welding 6061 aluminium alloy at high rotation speeds. 
The weld power was found by multiplying the torque by the rotation speed. The power input 
from translation is approximately 1 % of this value and can be ignored. The results showed 
that the weld power was independent of mesh type with 3.3kW required for the thermal 
models. Figure 3.8b shows the effect of the welding parameters on the weld power. These 
results reflect the peak temperature results in Fig. 3.8a in that increasing the rotation speed 
increases the power input to the weld, while the welding speed had little impact. The latter 
result suggests that, because of the relatively low welding speed being used, the process is 
largely axi-symmetric with the heat being primarily lost through the tool, backing plate and by 
convection. The heat required to raise the material to weld temperature is a relatively small 
component. This model effect is not reflected in practice. (See previous chapter and 
Reynolds and Tang I9 .) The rotation speed had a much stronger influence on the heat input for 
the isothermal models because there was no softening effect. i.e. in the thermal models the 
84 
Chapter 3 
flow strength reduces as the temperature increases which offsets the increase in heat from the 
higher rotation speed. 
Figure 3.8c shows the effect of the welding parameters on the traversing force. It increased 
with welding speed because of the greater amount of material needing to pass the tool. The 
traversing force was also influenced by the rotation speed, which was not observed in the 
experimental results in chapter 5, although as discussed in chapter 1 other authors have found 
different results. This demonstrates the inadequacies of the cunent modelling approach. The 
traversing forces with the thermal models were slightly lower than those with the isothermal 
model. This was a consequence of the lower flow stress at the higher temperature. 
Nevertheless both are a factor of 10 lower than the experimental values from Johnson2o for 
this alloy and tool type. It is believed that this result could be improved by using a model that 
either included viscosity softening near the solidus or material slip. Both would reduce the 
bulk movement of material around the tool, increasing the traversing force. 
Finally, some interesting results were obtained when comparing the forces between the three 
meshes. Figure 3.9 shows how the traversing force with the '5651-raked' mesh was 
considerably lower than the meshes where the tool was nOlmal to the surface. The main cause 
of this effect is the pressure redistribution behind the tool, i.e. the higher pressure caused by 
the forging of material lowers the force needed to push the tool through the material. It is 
unclear whether the lower force is real or an artefact of the model. 
The unthreaded tool had a lower traversing force than the threaded version. This result is 
consistent with the 2 dimensional stick model analysis in the next chapter, which showed that 
tools with features have a higher traversing force than their cylindrical counterparts. Slip 
models of the same profiles indicated that the tools with features assisted the movement of 
material around the tool, which lowered the traversing force. The latter result is more 
consistent with experimental findings. Finally, the model that used 7075 propelties had an 
even higher traversing force due to the higher flow stress of this material. 
3.4 Obtaining a Stable Solution 
This section describes the models and techniques used to obtain a stable solution for a 3 
dimensional flow model. 
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3.4.1 Model Set-up 
The models used for this analysis were much simpler than those in the previous section and 
used a cylindrical pin that was normal to the workpiece material. Two different steady-state 
models were analysed. 'Type A', shown in Fig. 3.1Oa used a rotating mesh adjacent to the 
tool and a stationary mesh in the far field. All the exterior walls on both the stationary and 
rotating meshes were given a velocity equal to the welding speed and an inlet and outlet 
velocity were defined at the front and back of the model. 'Type B' shown in Fig. 3.1Ob is 
simpler and used a single rotating mesh. Both the top and bottom walls were given a velocity 
equal to the welding speed and a single velocity boundary condition was defined on the 
periphery. Both models assumed that the material was stuck to the rotating tool, which leads 
to a higher strain-rate than if the material is allowed to slip and is therefore more 
computationally demanding. 
A welding speed of 120mm/min and a rotation speed of 400rpm were used for the models. 
All the meshes used a cylindrical pin with an outside diameter of 8mm, a shoulder diameter of 
25mm and a gap underneath the tool of Imm. The plate thickness was 6.35mm. To keep the 
analysis simple most of the models were isothermal and used properties based on those for 
7075-T6 aluminium alloy (Jin et al. 8). A temperature of 527°C was chosen, which is near the 
solidus for this material. 
All the type B models included a variant where the results from a thermal model were 
interpolated onto the mesh, which enabled the effect of temperature on the viscosity to be 
included. The thermal model used for this purpose assumed that the peak temperature was 
near the solidus. 
3.4.2 Mesh Types 
Table 3.3 summarises the meshes used for the models. In addition to the model type, the 
different meshes used different mesh types (i.e. hexahedral and tetrahedral elements), mesh 
densities and model sizes. The analysis of different model sizes involved determining the 
effect of changing the model dimensions shown in Fig. 3.10. This was done to satisfy 
concerns that the model size affected the output. 
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3.4.3 Analysis Methods 
The results were analysed in several ways. Firstly the deformation region size was found by 
determining the position where the strain-rate equalled 2/s on a plane half-way through the 
thickness on both the advancing and retreating sides. (Note the value represents the furthest 
point in the y direction and did not necessarily occur on the co-ordinate axis, x = 0). The 
traversing force and welding torque were determined for each of the models. Finally the 
number of iterations required for the continuity residual to flatten was estimated. The 
continuity residual represents the rate of convergence of the continuity equation and a plot is 
shown in Fig. 3.11. 
3.4.4 Results 
The results are summarised in the following sections. Note that discontinuities were observed 
in the interpolated thermal profile in Models 5 to 8 which used fine tetrahedral and hexahedral 
meshes. Using a finer mesh for the original thermal model may resolve this problem. 
3.4.4.1 Deformation Region 
Figure 3.12 shows a plot of the average deformation region size against the model type. Both 
the type A models had a larger deformation region size than the type B models indicating that 
the type B models constrain the flow more effectively. 
Unlike the earlier modelling work, introducing the thermal profile significantly reduced the 
size of the deformation region (Fig. 3.12). Figure 3.13 shows a plot of the deformation 
region size for both an isothelmal model and one that included the thermal profile. The 
smaller defOlmation region of the model that used the thermal profile is a consequence of the 
cooler and therefore stronger material in the far field. 
Little variation is observed in the size of the deformation zone between any of the type B 
isothermal models. Other influences on the deformation zone size are the material viscosity 
and continuity requirements. Therefore the effect of model size, and mesh size and type are 
small. The thermal profile models show greater variation. The two models with hexahedral 
elements (Model 7 and 8) have a much smaller deformation region, which may be a 
consequence of the discontinuities in the interpolated thermal field. 
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The large models enabled better flow field prediction which is demonstrated by comparing the 
an'ow plots from a small isothelmal model (Model 3, Fig. 3.14a) with a large one (Model 4, 
Fig.3.14b). It is believed that the larger model 'constrained' the flow in the far field enabling 
a more accurate prediction of the flow. 
3.4.4.2 Traversing Force and Welding Torque 
Figure 3.15 shows plots of the traversing force and welding torque. While the variation in 
welding torque between the different model types is negligible, the traversing force showed 
greater variation, being patticularly large in the models that included the thermal profile. The 
lat'ge type B models that used a tetrahedral mesh (Model 4 and Model 6) gave high readings 
while the models that used the hexahedral elements (Model 7 and 8) had much lower values. 
In regard to the latter, this may be a consequence of the discontinuities in the thermal field. 
Therefore there is greater confidence in the traversing force values from the isothermal 
models. Finally, the models that used the thermal profile had lower forces and higher torques 
than the corresponding isothermal models. This may be a consequence of the narrower 
deformation zone and higher temperature at the tool sUliace. 
3.4.4.3 Number of Iterations for Continuity Convergence 
Figure 3.16 shows a plot of the number of iterations required for the continuity residual to 
converge. The models that used the fine tetrahedral mesh (Model 5 and 6) required more 
iterations to converge than their coarse counterpatts (Model 3 and 4). There was no particular 
advantage in using hexahedral elements. 
The large tetrahedral models that included a thermal profile (Model 4, Model 6 and Model 8) 
converged more quickly than their smaller counterparts (Model 3, Model 5 and Model 7). 
Possibly the greater constraint of the flow in the far field reduced the number of iterations for 
convergence. Strangely the opposite effect was observed with the hexahedral models (Model 
7 and 8). 
3.4.4.4 Prediction of Pressure and Surface Stresses at Tool Surface 
The pressure and surface stress were analysed along the line defined in Fig. 3.17 for a model 
that used a tetrahedral mesh (Model 3) and one that used a hexahedral mesh (Model 7), Both 
these models are small, isothelmal and of type B and the results are shown in Fig. 3.18. Both 
the pressure plot (Fig. 3.18a) and the stress in the x direction (Fig. 3.18b) had greater noise in 
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the model that used a tetrahedral mesh (Model 3). The noise is not as great in the plot of the 
wall shear stress (Fig. 3.18c), the reason for which is unclear. 
3.5 Conclusions 
The early modelling work used a threaded tool, which was raked 2.50 away from the direction 
of travel. This mesh was compared against ones that used a normal threaded tool and a 
normal unthreaded tool. Two model types were solved: an isothermal model and one that 
included the viscous heat generation and solved the resulting thermal profile. 
All the models predicted that the matelial in line with the deformation zone was swept around 
the retreating side of the pin. The amount of material swept around the pin increased at 
locations closer to the shoulder. It was noted however that the size of the defonnation zone 
was much larger than that observed experimentally. 
In addition to the excessive deformation zone size, the models experienced several additional 
problems. Firstly, using representative material properties for 5083 and 7075 (without 
viscosity softening near the solidus), there is a large over-prediction of the weld temperature 
and the weld power. Secondly, the rotation speed had a large impact on the peak welding 
temperature, which is not observed in practice. Thirdly, the traversing force was found to be 
an order of magnitude lower than that measured experimentally. Finally, the rotation speed 
had a large impact on the traversing force, which does not occur in practice. Many of these 
problems are addressed in the subsequent chapters, which describe the development of a slip 
model. 
The last section on obtaining a stable solution showed that all the 'type B' isothermal models 
gave consistent predictions of the defOlmation region size and traversing force and welding 
torque. There was poorer consistency with the thermal profile models, particularly in the 
prediction of traversing force and deformation region size. This may have been a 
consequence of the discontinuities in the interpolated thermal field. Finally, to constrain the 
flow in the far field using the type B model, it is necessary to use a large model size. 
The models that used hexahedral elements enabled more accurate pressure and sUlface stress 
predictions. Despite these advantages, complex geometries can be meshed far more easily 
with tetrahedral elements. Unfortunately, subsequent work showed that the 'Slip' model 
89 
Chapter 3 
could not be implemented with tetrahedral elements due to large velocity discontinuities. 
Therefore hexahedral elements are used for the 3 dimensional models in chapter 6. 
This preliminary exercise highlighted some of the difficulties in FSW flow modelling. The 
remaining chapters will address these issues, and will also consider: 
• The difference between the steady-state and transient solutions. 
• The effect of a slip boundary condition. 
• How more recent tool profiles, e.g. the MX-Triflute, affect the flow. 
• Validation of the model results, i.e. the temperature, power input and traversing 
force are used to validate the model output. 
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Table 3.1 Thermal properties of the materials used in the thermal model. 
Material Name Density Specific Heat Thermal Conductivity 
(kglm3) (J/kgK) (W/mK) 
508317075-T6 
Aluminium 
266012800 II See figure below. See figure below 
Steel (0.5% C Steel) 
@150°C 7833
12 465 12 50 12 
H13 Tool Steel (5% 
Chrome) @ 300°C 7833
12 460 12 36 12 
1400 300 
1200 -- ...- ... 250 
1000 __ ltr- ~ ~ r-- 200 - -~ 800 ~ C) 150 ~ ~ 
-
..., 
.-- ..... 
-a. 600 -e- -
-() .... - ~ 
...--
-+-Cp (7075-T6) 100 ,.. 
400 ..... 
.... 'Cp (5083) 
200 -k (7075-T6) 50 
...... k (5083) Source: MillslO. 
0 0 
0 100 200 300 400 500 600 
T (0C) 
Table 3.2 Summary of the welding conditions and meshes used for the analysis. Isothermal 
(800K) and thermal models with 5083 aluminium were solved for each. 
Rotation Speed Welding Speed (mm/min) 
(rpm) 60 90 120 
750 • 5651-raked 
500 • 5651-raked • 5651-raked • 5651-raked 
• 5651-normal 
(7075 isothermal model 
solved as well.) 
• Un threaded Tool 
250 • 5651-raked 
Chapter 3 
Table 3.3 Description of mesh types, sizes and densities. (Dimensions a-d are defined in Fig. 3.10) 
Mesh Mesh a (mm) b(mm) c(mm) d(mm) Element Mesh Summary 
Name Type Type 
Model 1 A 70 100 30 25 Hex Rotating Region: Boundary layers used adjacent to tool surfaces. 
200 elements were used around the circumference. A mesh 
spacing of O.3mrn was used in the far field. 
Stationary Region: 100 elements used on interface boundary with 
rotating region. 
Model 2 A 25 25 30 25 Tet Rotating Region: All tool faces have a mesh spacing of 0.2mrn. 
Stationary Region: A mesh spacing of 1 is used in the far field. 
Model 3 B N/A N/A N/A 30 Tet Tool faces use a mesh size of 0.2. Imrn is used in the far field. 
Model 4 B N/A N/A N/A 40 Tet As for Model 3. 
Model 5 B N/A N/A N/A 30 Tet As for Model 3, however tool has a mesh size of O.lmrn. 
Model 6 B N/A N/A N/A 40 Tet As for Model 5. 
Model 7 B N/A N/A N/A 30 Hex Boundary layers used adjacent to tool surfaces. 400 elements 
were used around the circumference. A mesh spacing of 0.3mrn 
was used in the far field. 
Model 8 B N/A N/A N/A 40 Hex As for Model 7. 
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Fig. 3.1 DesCliption of the mesh used for the models. 
(Degrees) 
A=M8x1 
B=6mm 
C=6.2mm 
D=25mm 
A 
(L.H. Thread) 
D 
a 
(Radius) 
c 
H 
G 
Fig. 3.2 Dimensions of the 5651 tool from Dawes et al. I used for the models. 
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-. b 
--- - ---
--
Fig. 3.3 Anow plots across the (a) z = 0.1, (b) z = 3.18 and (c) z = 6 planes for the 5651-raked 
thelmal model. Note that: (b) includes an overlay of the strain-rate = 2/s boundary; although 
advancing and retreating side labels are shown only for (a), they apply equally to (b) and (c). 
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----.~ v (material) 
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.~ 
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Fig. 3.4 Comparison of deformation zones between isothermal and thermal models of the 
5651-raked mesh. 
b ....... 
z=5mm 
z=3mm 
---.... ~V 
Fig. 3.5 Streamlines for 5651-raked thermal model (a) planar from a start height of 3mm; (b) 
transverse longitudinal section. 
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Fig. 3.6 Plots of the pressure (MPa) around: (a) 5651-raked mesh; (b) enlargement of 5651-
raked mesh; (c) 5651-normal and (d) unthreaded tooL 
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Fig. 3.7 Temperature contours for 5651-raked modeL (Units of temperature are DC.) 
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Fig. 3.8 Comparisons between (a) peak temperature; (b) weld power and (c) traversing force 
for the 5651-raked tool. 
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Fig. 3.9 Force compatison between the different tool types. All models used a welding speed 
of 90mmlmin and a rotation speed of 500rpm. 
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Fig, 3,9 Force comparison between the different tool types. All models used a welding speed 
of 90mmlmin and a rotation speed of 500rpm. 
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Fig. 3.10 Plan view of (a) 'Type A' and (b) 'Type B' models. 
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Rotating Mesh. 
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velocity equal to the welding speed. 
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Fig. 3.12 Average deformation region size. 
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\ 
Isothermal Model Thermal Profile Model 
Material Flow 
Fig. 3.13 Comparison of an isothermal model with a model that included the thermal profile 
along the parallel longitudinal plane. 
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Fig. 3.14 An"ow plot of flow across the plane z = 3 for Ca) Model 3 Cd = 30mm) and Cb) Model 
4 Cd = 40mm) isothermal models. 
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Fig. 3.18 (a) Pressure; (b) stress in the x direction and (c) wall shear stress for tetrahedral and 
hexahedral meshes. 
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Chapter 4 
Two Dimensional CFD Modelling of Flow Around 
Profiled FSW Tooling 
4.1 Introduction 
After the difficulties described in the previous chapter this work takes a 'step back' and 
analyses the 2 dimensional flow around the pin. While both the shoulder and pin are 
important to the process, a successful tool is primarily dependent on a well-designed pin. 
Considerable insight can be obtained with a 2 dimensional analysis, which captures the 
interaction with features that are predominantly aligned with the pin axis (such as flutes) and 
is computationally more rapid. To address the issues of overheating and deformation region 
overprediction a novel 'slip' model is developed where the interface conditions are governed 
by a limiting shear stress. The behaviour of this model is significantly different to one where 
the material is stuck to the tool sUlface and can be used to quantitatively compare the flow 
around different tool shapes. 
4.2 Description of the Model 
4.2.1 The Basic Model 
Figure 4.1a shows the standard set-up for the models. The physical size of the model was 
kept small to keep solution times low. The model is divided into two regions: a rotating 
region adjacent to the tool where the mesh moves at the rotation speed of the tool and a 
surrounding stationary region, which models the flow in the far field. All walls on the 
boundary of the stationary flow region are given a velocity equal to the welding speed. Note 
that the material flows from left to light and the tool rotates in a clockwise direction in all the 
models. The four pin profiles that were examined are shown in Fig. 4.1b. 
7075-T6 aluminium alloy was selected for the modelling work. To simplify the problem a 
temperature of 527°C was used throughout the model. Since the flow stress of 7075 at high 
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temperature is not greatly affected by the temperature I and the temperature variation across 
the intense deformation zone is relatively · small, the assumption is reasonable for a first 
analysis and enables faster solution times. As in chapters 2 and 3 the viscosity was 
determined by interpolating experimental stress vs. strain-rate data from Jin et aLI with user-
defined code. The mesh size and number of iterations were checked to ensure that the 
solution had converged. 
4.2.2 The Slip Model 
Most of the published flow models have assumed that material is stuck to the tool surface. 
Although Xu et al. 2 demonstrated a slip boundary condition with a cylindrical 2-Dimensional 
tool, such a boundary condition has not been demonstrated on profiled tools. 
There are several reasons that justify the development of the slip model: 
• Based on the material properties for 7075-T6 provided by Jin et aLI a 3 
dimensional stick model of the process (without significant softening near the melt 
temperature) requires a power input of 15-18 kW for the 6.35mm welds desclibed 
in chapter 2. This compares with the measured heat input of 2.6-3.5 kW. 
Therefore the model significantly over-predicts the power requirement. It is 
believed that one of the causes of this discrepancy is the assumption that all the 
material sticks to the tool surface. 
• The temperature measurements in chapter 2 and Song and Kovacevic3 show that 
the peak temperature near the tool approached the solidus. Therefore it is likely 
that a thin partially liquid layer exists at the tool material interface which reduces 
the shear stress that can be applied to the material. This phenomenon has been 
discussed extensively by North et al.4. 
• Chapter 2 demonstrated that the tool material type affected the weld temperature 
and quality. Since heat loss through the tool is quite minimal (thermal models 
suggest 2% in steady state), this observation is best explained by material slip 
against the tool. i.e. different tool materials exert different shear stresses on the 
welded material. 
• In section 4.3.5 it is shown that different pin profiles cannot be discriminated in 
terms of forces and torques when it is assumed that the material 'sticks' to the tool. 
Chapter 1 discussed the importance of the pin profile to the success or otherwise of 
the process and chapter 5 describes its affect on the traverse and down forces. 
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In the slip models, the surface shear stress was limited to some arbitrary value. Therefore two 
different boundary conditions can exist simultaneously on different parts of the pin: 
(a) Stick Condition. This occUlTed where the shear stress was below the limiting shear 
stress. On a profiled tool this usually occurred in the tool flutes. 
(b) Slip Condition. Where the shear stress necessary for a stick condition exceeded the 
limiting value, the applied shear stress was truncated at a limiting value, which 
resulted in the matelial slipping across the tool surface. 
Both of the above conditions were implemented in FLUENT by specifying a shear stress at 
the boundary. This was patticularly complex for the stick condition where the shear stress 
had to be adjusted so that the velocity of the material equalled the tool velocity. Appendix 
4.A describes how this was implemented in FLUENT. 
As an alternative to the slip boundary condition, Long et a1.5 assumed that the viscosity 
dropped exponentially to zero at temperatures near the solidus. In this case a stick boundary 
condition is used, and the 'slipping region' is modelled as a very thin boundary layer. The 
slip model approach, while cruder, enables the use of a coarser mesh, which results in faster 
solution times and can be more easily used with isothermal models. 
4.2.3 Model Types 
All the models used a rotation speed of 250rpm and a welding speed of 300mmlmin, which 
are typical conditions for welding thick (16mm) 7075 aluminium alloy. Each of the 4 tool 
types were examined with a stick boundary condition, and a slip boundary condition where 
the shear stress was limited to 40 MPa or 80 MPa. These values are used for demonstration 
purposes only and compare with a typical shear strength of 90 MPa (approx) for 7075 at a 
temperature of 527°C and strain-rates greater than 1 Is. 
Two model types were analysed. The first was a steady-state model where the solution is a 
'snap-shot' of the flow at a particular instant in time. The second type of model was a full 
transient analysis and was used only for the mixing models and the force analyses. 
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4.3 Modelling Results and Discussion 
4.3.1 Deformation Region Size and Flow Pattern 
Like the previous chapter, the size of the deformation zone was found by plotting the surface 
where the strain-rate equalled 2/s. A comparison of this surface with a vector plot of the flow 
field in Fig. 4.2a,b for Tool_I. The deformation region for the slip model (Fig. 4.2b) is much 
smaller on the advancing than the retreating side. A close inspection shows that the 
deformation region on the retreating side is greater for the slip model than for the stick model 
(6 .2 vs. 5.7 mm). For the slip model the distance between the matelial at the tool sUlface and 
the un deformed region is particularly small on the advancing side. Nevertheless the same 
amount of material still needs to get past the pin so the defOlmation region enlarges on the 
retreating side. In the stick model the tool is able to 'stir' the material more effectively. 
A streamline plot of the stick model is shown in Fig. 4.2c and for the slip model in Fig. 4.2d. 
Note that streamlines are instantaneously parallel to the flow and are shown for a particular 
tool orientation. Particle tracks are much more difficult to calculate and require a full 
transient analysis, however they give a better indication of the flow around the tool. An 
attempt to implement particle tracks in FLUENT was unsuccessful. Both streamline plots are 
similar to those reported in Seidel and Reynolds6. The streamlines are much nearer the tool 
for the slip model. In the stick model , there is an essentially stagnant region, which (although 
shearing) does not permit the entry or exit of flow material because it is shearing parallel to 
the tool sUlface. (Note that 'flow material' refers to the material which flows past the tool.) 
This region of parallel shear does not occur with the slip model and hence the flow material 
can come into contact with the tool. 
Figure 4.3a and b show an an"ow and deformation plot of the flow for Tool_ 4 at two 
orientations. The flow around Tool_ 4 is less circular than that observed for TooLI, however 
it is broadly the same size. There is however greater perturbation around the features, with 
the flow being more dependent on the tool orientation. The perturbation around the flats leads 
to the bulging of the streamlines seen in Fig. 4.3c and d. The velocity field is investigated 
later, but in essence, the material adjacent to the flats is stuck to the tool surface and therefore 
has a high rotational velocity. In comparison the velocity of the material at the outer 
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circumference is near zero. This causes the enlargement of the flow field around the flats and 
the bulging of the streamlines in this area. 
4.3.2 Comparison of Model Flow Pattern with Experimental Results 
The plots of the streamlines show that the material in the path of the pin is swept around the 
retreating side of the tool. This characte11stic of the model is supported by flow visualisation 
experiments by London et al.7 and Guerra et a1. 8• An image from London is reproduced in 
Fig. 4.4a. The image from London indicates that the deformation region is greater on the 
retreating side of the pin. A particle that is in line with the advancing edge of the pin will 
flow past the advancing side, rather than being swept around the retreating side. This 
observation is more consistent with the flow pattern indicated by the slip model. 
The streamlines in Fig. 4.2c,d and Fig. 4.3c,d are shaded according to the particle residence 
time; i.e. the particles at the transition in shade were initially in a straight line transverse to the 
flow direction. This enables the final position of this plane to be viewed after it has been 
swept around the tool. These results can be compared with the transverse marker experiment 
in Fig. 4.4b from Dickerson et al.9 which is similar to marker experiment work by Reynolds JO • 
In this expeliment a transverse copper foil was placed in the 2024 aluminium prior to 
welding. The image shown is an X-ray of the mid-section of the weld and demonstrates two 
key features: 
a) There is a bulge in the material in the wake of the pin. 
b) Some material that started on the advancing side was dragged forward. 
The plots in Fig. 4.2c,d and Fig. 4.3c,d show a similar bulge in the wake of the pin, and the 
dragging of material forward on the advancing side. None of the results indicated the abrupt 
boundary between deformed and undeformed material that is indicated in Fig. 4.4b. This is 
because the model has ignored several of the real process characteristics. e.g. the elastic 
properties of the material, the temperature gradient and microstructural softening. Xu et al,z 
and Seidel and Reynolds6 have shown similar results in their 2D modelling work. 
Finally, Fig. 4.4c and d show horizontal planar sections through a 2014-T6 weld and a 
dissimilar weld between 2024-T3 and cast AI-Si-Mg respectively. The latter shows the 
microstructure after a stop-action test, i.e. the weld was stopped and the pin unscrewed from 
the material to reveal the flow while welding. Both figures show a very distinct boundary 
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between the recrystallised nugget microstructure and the material in the Thermo-
Mechanically Affected Zone on the advancing side. The boundary between the two is far less 
distinct on the retreating side, particularly for Fig. 4.4c. This can be explained by the 2 
dimensional model. The material that flowed around the tool and was deposited on the 
advancing side underwent significant deformation and was therefore recrystallised. The 
adjacent material that flowed past the tool underwent relatively little deformation and was 
therefore not recrystallised, i.e. the boundary represents the sUliace where the divided flows 
met and welded together. On the retreating side the change from the highly deformed to 
undeformed material is continuous, so an abrupt boundary between the two is not observed. 
4.3.3 'Onion Ring' Investigations 
FSW microstructures in the Dynamically Recrystallised Zone (DRZ) are far from continuous 
and show features which are periodic with the tool rotation. This has traditionally been 
labelled the 'onion ring' and is clearly seen in the planar macrosection in Fig. 4.4c. While the 
grain size within the DRZ is uniform in some alloys 1 1 , others reveal layers of coarse and fine 
grains 12-14. It is proposed that this feature is caused by cyclic or layered flow around the pin, 
which causes high and low rates of deformation. Note, a cylindrical tool has no features to 
produce this periodic behaviour. The higher the deformation the finer the resulting grain size 
from dynamic recrystallisation though this may be masked in some alloys by static evolution 
of the microstructure in the wake of the weld. The models were analysed to determine 
whether there were any flow characteristics that suggested this type of behaviour. 
For a preliminary qualitative analysis, consider the streamline plots for the TooL 4 profile in 
Fig. 4.3c and d. These show a significant difference in the final position of the matelial for 
the two tool orientations. The analysis is slightly unrealistic in that the final position of the 
material is being determined from a single tool orientation in a steady-state model. 
Nevertheless the results show that the final position of the material is highly dependent on the 
tool orientation with a much flatter bulge being observed in Fig. 4.3d. This result suggests a 
cyclic fluctuation in the material throughput past the pin that may cause the 'onion ring'. 
In another analysis, the velocity in the x direction along the weld centreline behind the tool 
was plotted for six tool orientations and is shown in Fig. 4.5. The cOITesponding vector plots 
for two of these tool orientations (' l' and '4') are shown in Fig. 4.3a and b. The x position is 
the distance from the maximum periphery of the tool (6.91mm), and each profile is rotated 
112 
Chapter 4 
20° clockwise from the previous one. This plot clearly shows the fluctuating flow in the x 
direction. In orientation' 1', very little material is deposited due to the large negative velocity 
in x direction (material is being 'drawn in' to the region over the tool flat). The strain-rate 
experienced by this material is also high. In orientation '4' a large amount will be deposited 
as material is being expelled from the region over the tool flat by the advancing prow of the 
tool profile. The strain-rate is lower, potentially giving a contrast in grain size. 
The final two methods of assessing the onion rings involve the use of the transient mixing 
model. This model numerically separated the flow into two different zones with identical 
properties, and analysed how these mixed as they flowed around the tool. Figure 4.6 
examines material that was initially separated along the centreline and is similar to the 
dissimilar weld in Fig. 4.4d. Figure 4.7 shows material that was initially separated in a 
transverse direction and is similar to the transverse marker experiment in Fig. 4.4b. Both of 
these models used the slip model with a limiting shear stress of 40 MPa and were incremented 
SO per iteration. An extra fine mesh was used near the tool so that the boundary between the 
two materials could be tracked. 
In models where the two materials were initially separated along the joint line, the light 
material in the flutes was trapped during start-up. i.e. the model started with the dark material 
below the y axis and the light material above. The discontinuous flow of material around the 
tool can be clearly seen in the stick (Fig. 4.6a) and slip (Fig. 4.6b) models and is similar to the 
layers between the two (deposited) materials observed in the dissimilar weld in Fig. 4.4d. 
Even though the layering is more distinct in the slip model than the stick, it still does not 
match that observed experimentally. One of the causes of this discrepancy is the size of the 
mesh used in the model. With a finite mesh size it is difficult to capture the boundary 
between the two materials, especially where the distance between the layers becomes small. 
Eventually the layers collapse on the reverse side of the tool. A finer mesh may resolve this 
problem. The second difference between the two results is the progressive banding observed 
around the tool. Although this is partially observable in Fig. 4.4d, it is far more progressive in 
the model. This may be another characteristic of using an isothermal model. 
The horizontal distance in the x direction was measured between the layers for the slip model 
and found to be initially quite large but reduced to O.4mm near the end. This conesponds to 
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three bands for every revolution of the tool, which matches the peliod observed 
experimentally with 'Tliflute' tools. 
In Fig. 4.7 where the matelial was separated in a transverse direction the layered matelial flow 
is even more clearly seen. The final shape of the deposited material in Fig. 4.7c is similar to 
that shown in Fig. 4.4b, however the model deformation region size is clearly larger in part 
due to the isothermal assumption in the model. Finally the mesh in the far field is much larger 
which blurs the banded features (Fig. 4.7c). 
This work has shown the importance of tool profiling to promote intense shealing and 
unsteady flow. The flow is cyclic with the number of features on the tool. Therefore with 
three sided tools the flow is cyclic with every third revolution and a conventional threaded 
tool is cyclic with every revolution. In the latter case, the threads also induce vertical 
movement, however the flow is still largely rotational with the material flowing around an 
eccentlic profile. 
4.3.4 Understanding the Slip Boundary Condition 
Figure 4.8 shows polar plots of the absolute velocities and shear stresses for the slip and stick 
models that used the TooL 4 profile. The absolute velocity plots in Fig. 4.8a and Fig. 4.8c are 
overlayed with the tool velocity. i.e. the 'stick' velocity. Similarly the shear stress plots are 
overlayed with the shear stress for a stick boundary condition. To provide further explanation 
of these plots Fig. 4.9 shows a close-up of the velocity and shear stresses plotted along the 
tool sUlface for the 40 MPa slip model. i.e. the plots are equivalent to Fig. 4.8a and b. Note 
that the thin dashed line in the surface velocity plot in Fig. 4.9a represents the surface velocity 
if stick were to occur. This reduces in size toward the centre of the flat due to the reduction in 
radius, i.e. v = rill. 
Three points on the profile were selected to better explain the 'mechanics' behind the model. 
Referring to Fig. 4.9, point A is on the outer circumference of the tool where slip occurs at the 
maximum shear stress of 40 MPa, so the velocity of the matelial is relatively low. c.f. Fig. 
4.8a. At Point B the surface normal does not act through the tool axis, and quite a different 
condition holds. The material sticks to the surface and the shear stress is below the limiting 
value of 40 MPa. The tool and matelial velocity are then equal. Finally, at Point C slip 
occurs, but the velocity of the matelial is much higher than at Point A because the 
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surrounding material is stuck to the tool. The shear stress equals the limiting value of 40 
MPa. Note that slip occurs at Point C because the surface is aligned with the flow. 
Figure 4.8a shows that the slipping material has a slightly higher velocity on the retreating 
than advancing side. The shear stress is the same on both sides, but the material flow on the 
retreating side is assisted by the bulk material flow causing the higher velocity. The same plot 
for a model with a limiting shear stress of 80 MPa is shown in Fig. 4.8c. In this model, the 
material sticks along the entire length of the flat while slipping against the outer 
circumference. The slipping material has a much higher velocity than the previous model due 
to the higher limiting shear stress. Once again the material velocity is slightly higher on the 
retreating side. 
The con'esponding plots of the resultant shear stress on the tool surface are shown in Fig. 4.8b 
and Fig. 4.8d. Where the shear stress is limited to 40 MPa (Fig. 4.8b), the shear stress equals 
this value along most of the tool surface. The six small dips correspond to where the material 
sticks to the flats. The plot for the limiting shear stress of 80 MPa model is very different. 
Three large spikes are observed in the centre of the flats. This shear stress is required to 
prevent material slippage, which occurred in the 40 MPa model in this region. 
4.3.5 Traversing Force and Welding Torque Comparison 
Figure 4.10 shows the traversing force and welding torque. As the analysis is 2 dimensional, 
all forces and torques are expressed per metre of tool in the out of plane direction. The 
smaller the limiting shear stress, the larger the traversing force and the lower the welding 
torque. Limiting the shear stress reduces the tangential force at the tool surface and hence the 
resultant torque. It is believed that this reduced torque reduces the 'stirring' action of the tool, 
increasing the traversing force. 
The difference in !;.he torque value between steady state and transient models is small. The 
vatiation over a 113 revolution in the transient model output is also relatively small (134 N/m 
for the traversing force and less than 6 Nrnlm for the welding torque.) Therefore the steady 
state model gives a good estimate of the transient torque. 
The comparison between the welding torques in Fig. 4.lOa shows some interesting trends. 
The stick model and the model that used a limiting shear stress of 80 MPa gave the greatest 
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torques for TooLl and the smallest for TooL 4. Since all the material is sticking, (or almost) 
the tool shapes that maximise the circumferential area, maximise the torque. The effect of pin 
shape is quite weak. Of the models that have a limiting shear stress of 40 MPa, TooL 4 has 
the greatest torque and Tool_l the least. In the case of TooLl, most of the material slips 
around the outer circumference, which limits the torque. The other tools, especially Tool_ 4 
have a smaller cross sectional area and a much greater amount of 'trapped' material that is 
moving with the tool profile. This enables the application of a much greater torque to the 
material. 
The comparison between the traversing forces in Fig. 4.lOb shows that there is little or no 
difference in the traversing force for the stick models. There is however a significant 
difference for the models that have a limiting shear stress of 40 MPa. Tool_l is seen to have 
the highest value, TooL2 and Tool_3 have nearly identical values and TooL 4 has the lowest 
traversing force. Interestingly reversing the shaped feature from TooL2 to Tool_3 had no 
effect. The difference in the traversing forces is a reflection of the difference in the welding 
torques seen previously. The higher the torque, the greater the 'stining' action of the tool and 
the lower the traversing force. Note that subsequent work has shown a deviation from this 
general rule, when using,tools with convex features, which is explained further in chapter 5. 
4.4 Conclusions 
This chapter demonstrated the development of a model that enables the companson of 
different 2 dimensional tool shapes and a better understanding of the science behind friction 
stir welding. The development of a novel 'slip' model was crucial to achieving this. 
Good visualisation is provided by plots of the flow. In particular, the streamlines con'elated 
well with embedded marker experiments. Qualitatively, the model compared favourably, 
though the deformation zone size predicted by the model was greater than that indicated by 
the experiments. Great quantitative accuracy is not sought given the assumptions in the 
present model, i.e. isothermal conditions and 2D flow. Finally the mixing model indicated 
oscillating flow which was thought to be the cause of the banded 'onion-ring' microstructure. 
To demonstrate the modelling approach, four different tool profiles were evaluated, with three 
types of boundary conditions: the stick model and two slip models with limiting shear stresses 
of 40 and 80 MPa respectively. The slip model revealed significant differences with different 
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tool shapes, which was not evident with the conventional 'stick' model. Comparison of the 
traversing force and welding torque for the constant shear stress models indicated that TooL 4 
was the most efficient, followed by Tool_2 and TooL3 and finally Tool.:....1. It was considered 
that Tool_ 4 had the ability to 'stir' the material most effectively. 
Finally, the slip model provided some useful insights into the process mechanics and 
suggested regions where the material was likely to stick to the tool surface. The slip model 
technique is the basis for"the subsequent work, being used to optimise the 2 dimensional tool 
profile in the next chapter and is extended to 3 dimensions in chapter 6. 
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Appendix 4.A: Applying the Slip Boundary Condition in 2 
Dimensions 
1. Defining the Shear Stress and Relative Velocity in Two 
Dimensions 
Define three vectors: 
n = (xll 'Yll'O) 
1:1 = (0,0,-1) 
d tan =nx
1
:
1 
= (-Yll'x ll ,O) 
(4.A.l) 
(4.A.2) 
(4.A.3) 
The first is the normal unit vector, which points toward the tool surface. The second is the 
unit direction vector for the rotation. Its value is negative for clockwise rotation. Finally, d tan 
gives the direction of the shear stress, which will always be parallel to the sUlface in the 
direction of rotation. These vectors are shown in Fig. 4.Aa. 
It will be assumed that the wall shear stress acting on the fluid is limited to some maximum 
value, 'l'max. i.e. 
If T wall equals 'l'max it will given by: 
T wall = r max d tan (4.AA) 
The relative velocity between the tool and adjacent material is given by: 
where: 
Vrel = Vm - Vtool 
Vtool = Tool velocity 
= -rxw 
Vm = Material velocity 
(4.A.5) 
Vrel = Velocity of the material relative to that of the tool. Note that this velocity must 
always be parallel to the sUlface of the tool. 
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This is shown diagrammatically in Fig. 4.Ab. 
2. The Slip Boundary Condition Logic in 2 Dimensions 
A shear stress boundary condition is not only used where the material is slipping but where it 
is stuck to the tool. This is done because FLUENT does not allow the user to have a 
boundary where two different boundary conditions are set, i.e. stick where the material 
velocity is prescribed, and slip where the shear stress is prescribed. Therefore where the 
material is stuck to the tool, the shear stress must be set so as to give zero relative velocity 
between the tool and material. 
This section uses the following variables in addition to those defined in section 1: 
• SheacMax. Boolean variable, which has a value of 1 if the maximum shear stress 
is defined on the surface and slip occurs, and 0 if a no-slip boundary condition is 
defined. 
• Vrelt. Variable that defines whether the relative velocity is in the same or opposite 
direction to the tool velocity. It is found by: 
V rell = V rei • V tool (4.A.6) 
If the material velocity is greater than the tool velocity then Vrel is in the same 
direction as the tool and Vrelt > O. Similarly, if it is less than or equal to the tool 
velocity then Vrelt :::; O. 
The following steps were used when implementing the slip boundary condition: 
• Step 1. Solve the system using a stick boundary condition and determine the shear 
stress at the wall. 
• Step 2. If: 
ITI > Tmax 
then the shear stress at the wall is given by equation (4.A.4) and SheacMax is 
given a value of 1. 
If: 
then the new shear stress, T' equals: 
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and SheacMax will be given a value of O. 
• Step 3. Solve for several iterations until the solution is reasonably well converged 
(typically 500 after which the residuals which measure the stability of the solution 
flatten). 
• Step 4. Continue iterating the solution while updating the wall shear stress 
according to: 
(a) Case 1. If SheacMax = 1 and 
V
re1t ~ 0 
The shear stress at the wall is limited by the maximum value and slip is 
OCCUlTing. There is no need to change from this condition because the 
material is slipping. 
(b) Case 2. If SheacMax = 1 and 
V re1t > 0 
The shear stress at the wall is limited by the maximum value from the 
previous step. However the shear stress is such that the material at this 
position is actually moving faster than the tool which is clearly impossible. 
Therefore it is necessary to change the boundary condition so that the 
maximum shear stress is no longer defined, i.e. set SheacMax = 0 and go 
to Case 3. 
(c) Case 3. If SheacMax = 0, then the material is stuck to the tool and the 
shear stress needs to be updated according to: 
't' = 't + Cv reI (4.A.7) 
where C is a constant. If C is too large the system will go unstable, and if 
too small the system will take a long time to solve. Vrel is given by 
equation (4.A.5). Suitable values were found by trial-and-enor. 
This equation forces the value of Vrel to converge on zero, by adjusting the 
wall shear stress based on the value of this slip velocity. Where the new 
value of the shear stress exceeds the maximum allowable, i.e. 
l't'l > 'rmax 
then a slip boundary condition is applied by allowing SheacMax = 1. The 
shear stress is set as for Case 1. 
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Fig. 4.1 (a) Description of the model sub-regions and (b) diagram of the 4 tool profiles 
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Fig. 4.2 Results for TooL1: velocity vectors and strain-rate = 2 Is contour for (a) stick model 
and (b) slip model (limiting shear stress = 40 MPa); streamline plots for (c) stick model and 
(d) slip model (limiting shear stress = 40 MPa). 
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Fig. 4.3 Results for Tool_ 4: (a) velocity vectors and strain-rate = 2 /s contour for TooL 4 slip 
model and (b) rotated 60°; (c) streamlines for TooL 4 slip model and (d) rotated 60°, All 
models use a limiting shear stress of 40MPa 
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Fig. 4.4 (a) Path line markers reproduced from London et a1. 7 ; (b) transverse copper marker in 
2024 aluminium alloy mid-section. (courtesy TelTY Dickerson); (c) horizontal planar section 
through a FSW in 2014 T6 (scale on left shows 1mm intervals); (d) dissimilar weld between 
2024-T3 and cast AI-Si-Mg (courtesy TelTY Dickerson). 
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Fig. 4.5 Material velocity in the x direction along the weld centreline behind the tool for the 
slip model (limiting shear stress = 40 MPa). 
Fig. 4.6 Material mixing model using TooL2 (a) stick model; (b) slip model (limiting shear 
stress = 40 MPa). The plots show the material position after 18 revolutions. 
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Fig. 4.7 Matelial mixing model using Tool_2 and a transverse marker after (a) 4.9 rotations 
(b) 9.9 rotations and (c) 19.4 rotations. All are from a slip model with a limiting shear stress 
of 40 MPa. 
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Fig. 4.8 Surface velocity and shear stress results for Tool_ 4: (a) surface velocity and (b) 
resultant shear stress for a slip model (-) with a limiting shear stress of 40 MPa and a stick 
model (- - -); (c) surface velocity and (d) resultant shear stress for a slip model (-) with a 
limiting shear stress of 80 MPa and a stick model (- - -). 
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Fig. 4.9 Quarter sections of (a) surface velocity (b) velocity vectors and (c) shear stresses for 
the 40 MPa slip model shown in Fig. 4.8a,b. 
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Fig. 4.10 (a) Torque and (b) traversing force comparison for the different tool profiles. 
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a 
Fig. 4.A (a) Description of the normal vector and the shear stress at the wall; (b) description 
of the velocity vectors at the tool surface. 
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Development of the Trivex ™ Friction Stir Welding 
Tool Part I: 2 Dimensional Flow Modelling and 
Experimental Results 
5.1 Introduction 
This chapter extends the work on the 2 dimensional slip model developed in the previous 
chapter to optimise the pin profile by selecting the shape that minimised the traversing force 
while maintaining the rotational torque. A tool with the optimised so-called 'Trivex™' 
profile was manufactured and tested to determine whether the advantages predicted by the 
model were borne out in practice. 
5.2 Optimisation of the 2D Profile 
5.2.1 Description of the Model 
The basic 2 dimensional isothermal model is identical to the one used in the previous chapter 
with the same welding conditions being used (rotation speed of 250 rpm and a welding speed 
of 300mmlmin). Each of the tools were examined with a stick boundary condition, and slip 
boundary conditions where the shear stress was limited to 80 MPa, 40 MPa or 20 MPa. These 
values enabled a sensitivity analysis to be conducted and are the right order of magnitude for 
the temperature and strain-rate conditions that exist when friction stir welding 7075. All the 
models analysed are steady state with the previous chapter demonstrating how there is only a 
small difference with the transient solution in terms of net forces and torque. 
The profiles used for the comparison are shown in Fig. 5.1. All tool shapes had a cross 
sectional area of 121 mm2 and a tool area to swept area ratio of 80.7%. The one exception is 
TooL6 where the tool area to swept area ratio is obviously 1. The first three profiles compare 
the effect of flat (TooLl), concave (Tool_2) and convex (TooL3) features on the tool. 
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Tool_ 4 combines the convex features from (TooL2) while retaining part of the cylindrical 
section of the tool. Finally, Tool_S examines convex features on a 4 sided tool. 
5.2.2 Results 
The torque results are shown in Fig. S.2a and the traversing force results are shown in Fig. 
S.2b. There is very little difference in the torque readings for the five profiled tool shapes. As 
expected, the cylindrical shape had the lowest values because there are no features to impede 
the flow of the slipping material. Of the profiled tools, Tool_3 had slightly lower torque 
readings, which was likely to be a consequence of the convex features of this tool shape. 
The results for the traversing force show much greater variability. For the tools without 
convex features the following approximate relationship holds: 
(Limiting Shear Stress) a (Welding Torque) a II (Traversing Force) (S .l) 
This makes intuitive sense in that the greater the welding torque that can be applied to the 
material, the more effective the stirring action and the lower the traversing force. However, in 
the case of the convex tools and Tool_3 in particular the opposite is the case. i.e. 
(Limiting Shear Stress) a (Welding Torque) a (Traversing Force) (S.2) 
This result is discussed in the following section. 
5.3 Tool Cross Section Optimisation 
5.3.1 Model Types 
This section analyses the variation in welding torque and traversing force with the ratio of tool 
area to swept area. Tool_1 and TooL3 were chosen for this analysis, because of the practical 
interest in these shapes. Note that each tool can be regarded as lying between the two extreme 
profiles of a circle and a triangle. For TooL1, the ratio of tool area to swept area was varied 
between the limits of a circle and a triangle by adjusting the distance of the flats from the tool 
centre. For the Trivex™ concept (Tool_3), the critical dimensions and areas could be related 
via the tool geometry (Fig. S.3a). For given a and Ra, Rb is found from the following 
relationship: 
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The cross sectional area is given by: 
A - 3R 2 . -I( -J3Ra J 3-J3 R sm - -- a 
b 2R 2 a 
b 
(5.4) 
The relationship between the offset distance, a (normalised with radius Ra) and the ratio of 
tool area to swept area ratio is shown in Fig. 5.3b. 
5.3.2 Results and Discussion 
Figure 5.4a and b show the torque and force results for the range of area ratios between a 
circle and triangle for TooLl. The results hold to the 'intuitive' relationship in equation (5.1) 
across all values of the tool area to swept area ratio, R. Interestingly the curves for the 
different models converged when the shape became a triangle. This shape required very little 
shear stress for the material to stick to the profile so each of the slip models were equivalent. 
There is a large difference between the different model types for the cylindrical tool shape. 
Interestingly, this shape had a greater welding torque and a slightly lower welding force than 
its profiled counterparts for material that is sticking to the tool (Stick Model and Slip (80 
MPa)). This result suggests that this shape may be more effective than profiled tooling for 
welding materials that tend to stick to the tool surface. 
A plot of the welding torque for TooL3 is not shown but is very similar to that shown in Fig. 
5.4a for TooLl. The traversing force for TooL3 is shown in Fig. 5.4c and is substantially 
different to the same plot for Tool_1 in Fig. 5.4b. Fig. 5.4c demonstrates how the traversing 
force 'flattens out' and is fairly insensitive to the limiting shear stress when R is lower than 
90%. Indeed, the traversing force is minimised when R is between 70-80% for the 20 and 40 
MPa slip models. Tests showed that this result was independent of the tool Olientation, 
welding speed, rotation speed and the size of the tool. It should be remembered that the larger 
the tool area the stronger the tool and the less susceptible it will be to breakage. 
A theory explaining the cause of the different traversing force characteristics is as follows: 
The traversing force exerted on a tool profile is a consequence of two effects: 
(a) The amount of stining that the profile induces around the tool. The greater the 
stining the lower the force required to push the tool through the welded material. 
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(b) The degree to which material is trapped in the features of the profile. It appears 
that where the features of the tool entrap matelial this actually increases the 
traversing force. This effect will be particularly significant on the advancing side 
where shearing occurs within the trapped material, which is moving in an opposite 
direction to the flow. This increases the force in the welding direction. A profile 
that enables matelial to 'flow' or slip across the tool surface avoids this large 
sheming force effect, loweling the traversing force. 
As a consequence the convex tools that promote material slip while maintaining the tool's 
ability to stir the matelial minimise the traversing force. 
5.4 Experimental Validation of the Trivex™ Tool Concept 
5.4.1 Tool Design and Experimental Work 
Two tools based on the Tlivex™ concept were produced and are shown in Fig. 5.5. The first 
tool, (a) had no threads while the second, (b) was threaded along the length. It was thought 
that the threads on the second tool would aid oxide disruption leading to a stronger joint. 
These two tools were then compared against one based on the MX-Triflute™ concept i ,2 with 
the same pin and shoulder dimensions. It was difficult to make the two tools identical in 
every respect, which is demonstrated by the comparison of moments of ineltia and tool area to 
swept area ratios in Table 5.1. 
Welds were made using 6.35mm 7075-T7351 aluminium alloy using the ESAB SuperStir™ 
machine at TWI (Camblidge, UK). The welding conditions and tools used are summalised in 
Table 5.2. This machine permitted the measurement of traversing and down forces as well as 
the welding torque. Thermocouples were placed in the material at the locations shown in Fig. 
5.6 to measure the weld temperature. Thermocouples were also placed along the centreline, 
however the weld temperature of 500DC exceeded the 400DC limit of these thermocouples. 
Because the welding temperature for MX-Triflute™ welds in 6.35mm 7075 aluminium has 
already been extensively investigated in chapter 2, only the welds that used a rotation speed of 
457 rpm and a welding speed of 457 mm1min were instrumented. When making the welds the 
tool was raked 1 D away from the direction of travel. The plates were cleaned with a wire 
brush prior to welding which was necessary to produce satisfactory welds. 
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5.4.2 Forces 
Figure 5.7a demonstrates how the traversing force was reduced by 18-25% with the new tool 
designs (the greater % reduction occurring at the lower speeds). The Tlivex™ tool had a 
marginally lower traversing force than the MX-Trivex™ tool. This may be a consequence of 
the threads increasing the area carrying the limiting shear stress, which increases the 
traversing force for this shape. The traversing force increased with welding speed and the 
rotation speed had little effect for either tool. The increase in force with welding speed is a 
consequence of the greater volume of material needing to pass the tool per revolution. The 
following estimates of the traversing force were found for each tool: 
F = O.013v + 5.54 (5.5 - MX-Triflute™) 
F = O.014v + 2.37 (5.6 - MX-Trivex™) 
where: 
F = Traversing force (kN) 
v = Welding speed (mm/min) 
Figure 5.7b shows that the down force was similarly reduced by around 12% with the new 
tool concepts. The welding and rotation speeds had little effect on the value. 
5.4.3 Heat Input and Temperature 
Figure 5.8 shows the weld power divided by the welding speed (i.e. heat input per mm of 
weld) for all the welds conducted. Additional results for the MX-Triflute™ tools are included 
from chapter 2 and are labelled 'Trial 1'. The results from the current trial are labelled 'Tlial 
2'. There was little difference in the heat input for the different tool types with the Trivex™ 
tool using slightly more energy per mm than the Triflute™. Removing the threads on the 
Trivex™ tool had negligible effect on the power requirement. 
The temperature results are shown in Fig. 5.9, which demonstrates that there was little 
difference between the peak welding temperatures for the different tool types, with the 
exception of the MX-Triflute™ weld from the second trial which had a significantly higher 
weld temperature at all thermocouple locations. 
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The following factors were thought to cause the differences between the power inputs and 
weld temperatures: 
(a) Different Backing Bars. The first welding trial used a standard 'screw type' 
backing plate made entirely of steel while the second trial used the new 'vacuum' 
backing bar where the plates were clamped by a vacuum seal on either side of the 
weld. The vacuum backing plate used steel directly under the weld and a 'slotted' 
aluminium plate (with high thermal conductivity) where the plates were clamped. 
This aluminium plate may have increased the heat loss, increasing the power 
required to make the weld. 
(b) Incomplete Vacuum Seal. On the latter welds that used the MX-Triflute™ tool, 
the vacuum seal progressively deteriorated enabling the plates to lift. This was 
thought to be the cause of the higher welding temperature for the second MX-
Triflute™ weld. 
(c) Initial Material Temperature. A higher initial temperature reduces the power 
required to raise the material to welding temperature. The initial temperature for 
the welds in the first MX-Triflute™ trial was approximately 27°C compared with 
17°C during the second trial. 
(d) Plunge Depth. Chapter 2 demonstrated that a high plunge depth increased the 
weld power and temperature, so variations in the plunge depth may have also 
contributed to the different readings. 
To conclude, the different tool designs had little effect on the power requirement or the weld 
temperature. This result enables the same thermal model to be used for both the Triflute™ 
and Trivex™ tool designs in the next chapter. 
5.4.4 Weld Strength, Material Mixing 
Tensile specimens were taken from several welds transverse to the welding direction. Each of 
the specimens was nominally 25mm wide and was tested in accordance with TPOla-1 in 
BSEN 10002-1 :2001. All the welds failed in the heat-affected zone except for one that used 
the MX-Triflute™ tool at the highest welding speed, which failed in the nugget. The welds 
made with the new tools matched the strength of the MX-Triflute™ at a welding speed of 
473mm1min with all welds having an ultimate tensile strength of 484±6 MPa. A further 
comparison of the tensile strengths at a welding speed of 552mmlmin showed that the MX-
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Trivex™ tool had an average tensile strength of 488 MPa, which was marginally higher than 
the MX-Triflute™ tool with 470 MPa. 
To aid visualisation of the material mixing along the joint line, a thin copper stlip was placed 
in a small section of the joint line plior to welding. The final position after welding was 
determined by X-ray and indicated the degree to which the oxide at the interface was 
disrupted. This technique is described in Dickerson et a1. 3. Figure 5.10 shows that all three 
tools mixed the material well near the base. However, near the top the copper flowed around 
the tool with very little disturbance. This is because the shoulder, which does not disrupt the 
flow, has a much greater influence in this region. Surplisingly, even the Trivex™ tool 
without threads mixed the material well. There was much less copper visible in the X-ray of 
the MX-Tlivex™ weld. This may be a consequence of poor copper placement and/or copper 
slippage through the plates while it was being welded. 
5.4.5 Metallographic Examination 
Transverse sections of several of the welds were done to check weld integrity and are shown 
in Fig. 5.11. The most noticeable difference between the three welds is in the shape of their 
weld nugget, particularly on the advancing side. While the nugget boundary with the MX-
Triflute™ tool is perpendicular to the plate, the tools that used the Trivex™ tools widened 
toward the shoulder. This suggests that the Trivex™ shape encourages greater material 
movement near the top of the weld. 
All welds were free of defects, however there is a small line of oxide around the centre of the 
Trivex™ weld where the material was less heavily deformed. This is enlarged in Fig. 5.12a 
and also demonstrates a distinct sUlface layer. The sUlface layer was observed in the MX-
Tlivex™ and MX-Triflute™ welds, but was less severe. 
Finally the TMAZ at the bottom of the weld on the advancing side is shown for the Trivex™ 
and MX-Trivex™ tools in Fig. 5.12b and c. There is a significant upsurge in the material 
with the Trivex™ tool which is typical of most welds. Interestingly, the upsurge while still 
present with the MX-Trivex™ tool was significantly reduced and the grains in the TMAZ 
were not deformed 90° to the plate surface near the weld nugget. The reason for this different 
flow characteristic is unclear and is not predicted by the flow models in the next chapter. At a 
higher welding speed the upsurge was reduced even further. This flow characteristic may 
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have some interesting ramifications for lap welds where interface hooking in the TMAZ on 
the advancing side is one of the main concerns. 
5.5 Conclusions 
This work has demonstrated the development and benefits of the Trivex™ tool over the 
conventional MX-Ttiflute™ tool. This tool was developed from 2 dimensional models that 
indicated that the traversing force could be minimised with this profile. Expetiments verified 
this result and showed that the properties of the welded material equalled and in some cases 
exceeded that of the MX-Triflute™ tool. 
There was very little difference in the heat input or weld strength for the different tool shapes, 
and experiments with copper marker material indicated that the new tools effectively mixed 
the material in the weld nugget. However metallographic examination revealed a thin layer of 
oxide in the centre of the Trivex™ weld nugget. 
The next chapter extends the slip model to 3 dimensions and compares models of the 
Triflute™ and Trivex™ tools. The experimental values of temperature and torque are used to 
calibrate the model, which is validated with the traversing force measurements from this 
chapter. 
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Table 5.1 Comparison between the dimensions of the Triflute™ and Trivex™ tools. 
Distance from Shoulder Moment of Inertia Tool Area/Swept Area 
(mm) (mm4) 
Triflute™ Trivex™ Triflute™ Trivex™ 
0 365 336 83% 78% 
1 276 287.6 76% 78% 
5.8 106 127 68% 75% 
Table 5.2 Welding parameters used for the trials with the Trivex™ and Triflute™ tools. 
Tool Welding Speed (mm/min) 
Rotation (Tools Tested) 
Speed (rpm) 
457 367 457 
(MX-Trivex™) (Trivex™, 
MX-Trivex™, and 
MX -Triflute™) 
394 315 394 472 552 
(MX -Tri vex TM) (MX-TlivexTM, and (Trivex™, (MX-TrivexTM, and 
MX -Triflute™) MX-Trivex™, and MX -Triflute™) 
MX -Triflute™) 
0.8 1 1.2 1.4 
Tool Forward Movement per Revolution (mm) 
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Fig. 5.1 Tool profiles examined. 
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Fig. 5.3 (a) Critical dimensions for the Trivex™ profile and (b) variation in a/Ra with tool 
area to swept area ratio. 
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Fig. 5.4 Predicted variation in (a) welding torque for TooL1; (b) traversing force for TooL1 
and (c) traversing force for Tool_3 with tool area to swept area ratio, 
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Fig. 5.5 (a) Trivex™ and (b) MX-Trivex™ tools . 
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Fig. 5.6 Transverse section showing the locations of the thermocouples. 
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Fig. 5.8 Power divided by the welding speed (i.e. heat input per mm of weld) vs. welding 
speed. 
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Fig. 5.9 Peak temperature comparison at the three thermocouple locations. All welds used a 
rotation speed of 457 rpm and a welding speed of 457 mm/min. Note that the Trivex™ and 
MX-Trivex™ results are an average of two readings. 
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MX-Triflute™ MX-Tlivex™ Tlivex™ 
Fig. 5.10 Transverse X-ray cross-sections of copper placed in the welds. Note that the 
advancing side is on the right and the retreating side is on the left. 
Fig. 5.11 Transverse sections of welds done with a rotation speed of 394 rpm and a welding 
speed of 473mmJmin for the (a) MX-Tliflute™ tool; (b) Trivex™ and (c) MX-Tlivex™ tools. 
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Fig. 5.12 (a) Oxide layer in the nugget of the Trivex™ weld; TMAZ on the bottom advancing 
side for the (b) Ttivex™ and (c) MX-Ttivex™ welds. All welds used a rotation speed of 394 
rpm and a welding speed of 473 mm/min. 
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Development of the Trivex ™ Friction Stir Welding 
Tool Part II: 3 Dimensional Flow Modelling 
6.1 Introduction 
The previous chapter descIibed how the 'TIivex™' tool was developed from 2 dimensional 
flow models that predicted a lower traversing force than conventional profiles. This chapter 
descIibes the development of 3 dimensional models of the TIivex™ and TIiflute™ tools. The 
results from the models, and the traversing force in particular are compared with the 
experimental findings. 
Three dimensional flow modelling of threaded tools has been attempted by AskaIi et aLI, 
Bendzsak et al. 2 and Colegrove et al. 3, and cylindrical tools have been modelled by Goetz and 
lata4, Dong et al.5 and Ulysse6 and Xu and Deng7. While some impressive flow visualisation 
work has been demonstrated l ,2,7 none of these analyses have demonstrated how different tool 
profiles can be compared. This is achieved by extending the slip model technique developed 
for 2 dimensions in chapter 4 to 3 dimensions. To make the models more realistic the thermal 
profile around the tool needs to be determined. The method for doing this is described in the 
next section. 
6.2 Thermal Model 
6.2.1 Introduction 
Accurate 3 dimensional flow models of FSW require a prediction of the 3 dimensional 
thermal profile around the tool. Rather than coupling this calculation to the already complex 
flo~ model, a separate thelmal model was created for this purpose and the results interpolated 
onto the flow model. The thermal model was a modified version of the one described in 
chapter 2 so only the key features and the differences with the previous work are described. 
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As discussed in the previous chapter, the difference in heat input between the MX-Triflute™, 
MX-Trivex™ and Trivex™ tools was small, so the same thermal model was used for all the 
tools. The weld power and temperature results from the welding trial reported in chapter 2, 
which used a MX-Triflute™ tool, were used to validate the model. 
The welding conditions used for the thermal models are described in Table 6.1. Although no 
temperature results were available for the 552 mm/min weld, the thermal profile was found 
from a model that used the same set-up as the validated models with the experimentally 
measured heat input. 
6.2.2 Model Description 
As mentioned previously FLUENT can predict the convective heat flow around the tool with 
a crude prediction of the material flow. Like the previous model, the heat flux at the pin 
(power/unit area) was twice that at the shoulder, which enabled better correlation between 
experimental and numerical thermal profiles. Unlike the model reported in chapter 2, the 
actual heat input from the weld was used to calculate the heat flux. These values were 
between 21 and 36% greater than the numerical values previously used. This greater heat 
input was offset by a greater heat loss to the backing plate, which is discussed below. 
Figure 6.1 shows the mesh used for the thermal models, which used a featureless pin. The 
tool and backing plate were included to calculate the heat loss to these regions. In an effort to 
keep the model small, a single layer of elements was used for the tool. However unlike the 
model in chapter 2 a complete backing plate of thickness 40 mm was included. A conduction 
zone where heat loss was calculated by the one dimensional heat equation was defined on the 
top surface of the tool. The tool thickness was arbitrarily set to 100 mm for this calculation. 
Once again a contact resistance was used between the workpiece material and backing plate. 
The model used perfect contact under the shoulder and a value of 1000 mm2K/W in the far 
field. This enabled good agreement between experimental and numerical thermal profiles. 
The difference was caused by the much higher interface pressure under the shoulder which 
aided heat flow. In the previous model a value of 100 mm2K/W was used underneath the 
shoulder and 1250 mm2K/W in the far field. The current model has greater heat loss to the 
backing plate to offset the greater heat input. 
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6.2.3 Thermal Results 
Figure 6.2 shows a comparison between the experimental and numerical temperature profiles 
for the weld that used a rotation speed of 457 rpm and a welding speed of 457 mm/min. Note 
that the correlation for this weld was one of the poorest. Figure 6.3 shows the corresponding 
contour plot, which clearly shows how the thermal contact resistance reduced the conduction 
of heat into the backing plate. 
6.3 Flow Models 
6.3.1 Mesh 
Figure 6.4 shows one-third sections of the meshes that were used for the flow models. Only 
the region near the tool was included to keep the model small. To simplify the geometry the 
tool threads, the tool rake angle, the concentric ring on the shoulder and the radiused tip of the 
tool were omitted. It is anticipated that all these features have a second order effect on the 
results . The effect of a tool thread on the Trivex™ tool was investigated in the previous 
chapter, which showed that while the nugget shapes were similar, the flow in the TMAZ was 
significantly different. 
Although the stick models could be solved with tetrahedral elements these caused large 
velocity discontinuities when applied with the slip boundary condition. Therefore hexahedral 
elements were used for both models. The mesh density and number of iterations used for 
these models was based on the investigation into a stable solution in chapter 3. Finally, note 
that the mesh used for the Triflute™ tool in Fig. 6.4a used a thin layer of undistorted 
hexahedral elements adjacent to the shoulder. This avoided the use of distorted elements in a 
region where the velocity gradient was high. 
6.3.2 Model Setup 
The model developed in FLUENT used the following boundary conditions. The top sUliace 
outside the shoulder, the side walls and the bottom surface were all given a velocity equal to 
the welding speed. The shoulder and pin were given a velocity equal to the rotation speed for 
the stick model or the shear stress was specified for the slip model. The code used for the slip 
boundary condition is described in Appendix 6.A and was a modified version of that used for 
the 2 dimensional models described in chapter 4. A single rotating reference frame is used for 
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the material around the tool. Like the two dimensional modelling work, the models analysed 
are steady-state where the solution is a 'snap-shot' of the flow at a particular instant in time. 
Once again the material viscosity was determined from stress vs. strain-rate data for 7075 
aluminium alloy. 
6.4 Results and Discussion 
6.4.1 Isothermal Models 
Before solving the models with a thermal profile, isothermal models were investigated to aid 
understanding and to keep the solution simple. The isothermal models assumed a material 
temperature of 527°C. Since the flow stress of 7075 at high temperature is not greatly 
affected by the temperature8 and the temperature vatiation across the intense deformation 
zone is relatively small, the assumption is reasonable for a first analysis. 
All the models used a welding speed of 457 mmlmin and a rotation speed of 457rpm. Five 
different boundary conditions were used on the shoulder and pin. The first was the stick 
condition and the rest were slip conditions where the limiting shear stressed ranged from 80 to 
10 MPa. For the slip models an identical limiting shear stress was used on the shoulder and 
the pin. 
Figure 6.5 shows the traversing and down forces for the different models (down force is given 
for the pin only). Note that the down force for all the Trivex™ models was near zero so this 
was not included in the plot. The traversing forces for the Triflute™ and Trivex™ tools were 
very similar for the stick, and 80 MPa and 40 MPa slip models. It was only the slip models 
that used limiting shear stresses of 20 and 10 MPa where the Trivex™ shape showed a 
significant advantage over the Triflute™. Note that the 2 dimensional models showed 
significant advantages when the limiting shear stress was 40 MPa. The difference may be a 
consequence of the shoulder's effect on the material flow. The down force with the Triflute™ 
tool gradually increased with reduced limiting shear stress. The greater the slip, the greater 
the material 'screwing' effect and therefore the greater the down force measured by the 
model. 
Figure 6.6 shows streamline plots (not particle tracks) for the models that used a limiting 
shear stress of 40 MPa. Unfortunately, the complexity of the flow meant that several of the 
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tracks were lost in the case of the Trivex™ tool or never escaped with the Triflute™ tool. 
Nevertheless, the streamlines demonstrate several important process characteristics. Firstly 
both tool profiles demonstrate that all the material that is in line with the tool is swept around 
the retreating side. The main difference between the two tools is in the vertical movement of 
material. The Triflute™ tool augers the material in the flutes downwards, which causes the 
material in the far field to be pushed upwards. This effect is seen clearly in Fig. 6.6b, which 
shows the upward movement of a streamline that initially started on the centreline. Figure 6.7 
shows a macrosection (from chapter 2) that used a MX-Triflute™ tool and clearly 
demonstrates the upward flow in the TMAZ confirming the prediction of the model. In the 
previous chapter a similar upward movement of material was observed with the Trivex™ 
tool, which cannot be explained by the current model. 
6.4.2 Torque Calibrated Isothermal Models 
The next step in developing a model that represents the 'real' welding conditions is to 
calibrate the limiting shear stress so that the model torque (and by inference power) matched 
the experimental value. Appendix 6.B describes how this was implemented in FLUENT. 
Results indicated that the limiting shear stress ranged between 14 to 22 MPa. Figure 6.8a 
shows a comparison between the numerical and experimental traversing forces. The model 
under-predicts the traversing force by about 60% with the Trivex™ tool and 35% with the 
Triflute™ tool. One cause of this under-prediction was the use of isothermal material 
properties. Interestingly, the rotation speed had very little effect on either the experimental or 
numerical results. 
The elastic properties of the material were neglected in the model. While this assumption has 
little effect on the rotational flow, it does impact on the model's ability to predict the vertical 
down force. Therefore, a better comparison was to subtract the down force of the Trivex™ 
pin from the Ttiflute™ pin for both the model and the experiments, which is shown in Fig. 
6.8b. Both the model and experiment indicate higher down forces with the Triflute™ than 
with the Trivex™, reflecting the augering action of the flutes. The numetical predictions 
were within 37% of the experimental values and both were largely independent of the welding 
speed. It is difficult to comment on the effect of rotation speed because only one 
experimental value was obtained at the higher speed. 
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6.4.3 Torque Calibrated Models with an Interpolated Temperature Profile 
A flow chmt describing the operation of these models is shown in Fig. 6.9. The effect of 
temperature on the material properties is included by interpolating the temperature profile 
from the thermal model described above. Like the models in the previous section, the limiting 
shear stress was adjusted so that the torque matched that from the experiment. This 
completed the loop so that the model gave the best possible estimate of the 'real' welding 
conditions. It should be noted that the interpolated temperature profile was not uniform and 
had spikes that affected the accuracy of the results. This problem is discussed in more depth 
in chapter 3. 
Figure 6.1Oa shows the limiting shear stress required for each of the models. The temperature; 
profile models generally required a slightly smaller limiting shear stress than their isothermal 
counterpmts in the previous section. Quite possibly the harder, lower temperature material 
(especially around the base of the pin) required a lower limiting shear stress to generate the 
same torque (and heat). 
As expected the values increased with welding speed because of the greater heat input 
required for these models. The Trivex™ tool required a marginally greater value than the 
Triflute™ tool. This is because this shape does not 'stir' the material quite as efficiently as 
the Triflute™. Comparing the values for the different rotation speeds, the limiting shear 
stress for the 457 rpm welds was marginally higher than the welds that used a rotation speed 
of 394 rpm. This is caused by two opposing effects. Firstly, from the welding experiments 
reported in chapter 2 and 5 the welds that used a higher rotation speed required slightly more 
power. However the higher rotation speed lowers the required torque, T because: 
T = P (6.1) 
w 
where P is the weld power and w is the rotation speed, i.e. both P and ware increased at the 
higher rotation speed. Therefore there is only a small difference in the required torque and 
hence the limiting shear stress at the higher rotating speed. 
The heat input at the pin and shoulder were found by multiplying the respective torques by the 
rotation speed. Figure 6.1Ob shows how the ratio of pin heat to total heat compared for the 
two models. As stated above the same limiting shear stress was used on both the shoulder and 
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pin. This was considered the best first estimate In the absence of a more detailed 
understanding. With this assumption it was found that the pin heat to total heat ratio reduced 
with increasing welding speed. This is because the heat produced at the shoulder is directly 
proportional to the limiting shear stress, while that produced by the pin is also influenced by 
the pin profile, i.e. even with a zero limiting shear stress the pin profile will stir the material. 
This may be represented by the following (approximate) relationships: 
where: 
p". ::::: C1'l"max (6.2) 
Pp ::::: C 2'l"max + K (6.3) 
p.I· is the shoulder power. 
Pp is the pin power. 
Cj are constants. 
K is the power when the limiting shear stress is zero. 
'l"max is the limiting shear stress. 
Therefore, with a low limiting shear stress the pin heat dominates, while at higher values the 
shoulder heat becomes more significant. Interestingly, in the thermal model described above 
the heat flux at the pin was assumed to be twice that at the shoulder because there was better 
agreement between the numerical and experimental thermal profiles. This assumption gives a 
ratio of pin heat to total heat of 51 %, which is remarkably similar to that obtained with the 
uniform limiting shear stress assumption. 
Figure 6.11a shows a comparison between the numerical and experimental traversing forces. 
The values were higher than those obtained from the isothermal model and were up to 100% 
higher than the experimental values for the Triflute™ tool, but up to 36% lower than the 
experimental values for the Trivex™ tool. One possible reason for the discrepancy is that 
more of the weld power needs to be apportioned to the pin and less to the shoulder. To 
generate the higher power input at the pin, a higher limiting shear stress is required (at the 
pin). This will increase the welding force with the Trivex™ shape and reduce it with the 
Triflute™ shape. Another reason for the discrepancy is the problem in the interpolated 
temperature profile mentioned earlier. Finally, the model indicates a reduction in the 
traversing force with increasing rotation speed (particularly for the Tliflute™), which does 
not agree with the experimental findings. 
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The downforce difference comparison between the numerical and experimental values is 
shown in Fig. 6.11 b. The results are similar to those obtained with the isothermal model in 
the previous section, except that the rotation speed now has an influence on the value in line 
with the (limited) experimental evidence. 
Figure 6.12 shows a comparison between the strain-rate = 2/s boundary for an isothermal 
model and one that included the temperature profile. Both used the torque to calibrate the 
limiting shear stress and a welding speed of 457 mm1min and a rotation speed of 457rpm. 
Previous work in chapters 3 and 4 showed that the strain-rate = 2/s boundary approximates 
the border between the deforming and undeforming material. This result clearly shows how 
the size of the deformation region is reduced with the introduction of the thermal profile. 
Figure 6.13 shows the streamlines at mid-section for both profiles, with a welding speed of 
473 mm1min and a rotation speed of 457 rpm. The complexity of the flow meant that the 
streamlines that passed near the tool surface could not be followed. Like the isothermal 
models the plots indicate that material in line with the pin is swept around the retreating side. 
However, the deformation region is much narrower which is indicated by the proximity of the 
first streamline on the advancing side of the tool, which passes without being stilTed into the 
rotational flow. Like the isothermal models much greater vertical movement is observed with 
the Triflute™ tool due to its augering action. 
6.5 Conclusions 
Three dimensional thermal models that used the experimental heat input predicted the weld 
thelmal profile, which cOlTelated well with the experimental curves. The output of the 
thelmal model was used for the subsequent 3 dimensional flow models. 
The 3 dimensional flow models confirmed the benefits of the Trivex™ profile over the 
Triflute™ profile. Two different model types were compared: an isothermal model, and one 
that included the thermal profile. Predictions of the weld traversing and down forces from 
these models compared favourably with the experimental results given the complexity of the 
problem. In particular, the predictions from the thermal profile model were slightly higher 
than those from the isothermal model, particularly for the Triflute™ tool. It may be argued 
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that the predictions of the traversing force from the isothermal model are sufficient provided 
an appropriate 'safety factor' is used. 
Streamline plots were used to assist understanding of the material flow around the tool. These 
demonstrated the strong augering action of the Triflute™ tool, which caused this tool's higher 
down force. 
The work also demonstrated several novel modelling techniques. The first was the slip 
boundary condition in 3 dimensions, where a limiting shear stress was applied at the surface 
and the matelial was allowed to slip against the tool. The second involved adjusting the 
limiting shear stress so that the weld power of the model matched that obtained 
expelimentally. The final technique was the inclusion of the temperature profile by 
interpolating the result from a thermal model. This obviated the need to solve the thermal 
profile in conjunction with the flow model. 
In future numerical models may be used to predict the weld traversing force for sizing the 
FSW pin, which will be a significant advance over the current 'trial and error' approach. 
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Appendix 6.A: Applying the Slip Boundary Condition in 3 
Dimensions 
1. Defining the Shear Stress and Relative Velocity in 3 Dimensions 
Define two vectors: 
n=(xlI'YII,ZII) (6.A.l) 
1:1 = (0,0,-1) (6.A.2) 
The Ll'st is the normal unit vector at point P, which points toward the tool surface. The 
second is the unit direction vector for rotation, which is negative for clockwise rotation. Point 
P, and the sUlface normal are shown in Fig. 6.Aa. 
d tan, which is also shown in Fig. 6.Aa is a unit vector which is parallel to the tool surface and 
perpendicular to the direction of rotation and is defined by: 
0> 
d tan = n x 10>1 
if d tan<O.OOI then 
where P is the position vector. 
d d tan 
tan =-Id I 
tan 
(6.A.3) 
d tan is defined differently to the definition used for 2 dimensions in chapter 4. Firstly the 
value is nOlmalised to ensure that it has a magnitude of 1. Secondly an 'if' statement is used 
to check whether d tan is small. This occurs where the sUlface normal is in the same direction 
as the rotation axis. i.e. at the shoulder. In this case the direction of the applied stress will be 
in the direction of rotation, which is found from the cross product of the position vector and 
the rotation vector. 
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The relative velocity magnitude is found in an identical way to the 2 dimensional code except 
that the third dimension is included. i.e. 
where: 
Vrel = Vm - Vtool (6.A.4) 
Vtool = Tool velocity 
=-rx<.O 
Vm = Material velocity 
Vrcl = Velocity of the matelial relative to that of the tool. Note that this velocity must 
always be parallel to the surface of the tool. 
These vectors are shown diagrammatically in Fig. 6.Ab. 
2. Applying the Shear Stress 
Applying the shear stress in 3 dimensions is more complex than 2 because the material can 
also slip in the direction of the rotation axis <.0. This was particularly pertinent to the 
Ttiflute™ tool, which 'screws' the material downwards. Therefore the applied shear stress 
opposes the flow of the slipping matetial. i.e. its direction is opposite to the relative velocity 
Vrel rather than being in the direction of dtan which was the case in 2 dimensions. 
It is impossible to anive at the final solution in a single step so a conventional stick model is 
solved before being converted to the slip model. On the first iteration of the slip model, Vrel 
equals zero so there is no velocity component parallel to the rotation axis <.0. Therefore the 
wall shear stress is given by: 
(6.A.5) 
On subsequent iterations where there is flow in the 3rd dimension, (i.e. down the tool flutes) 
the shear stress is given by: 
V reI 
't' wall = -'r max -I -I 
V reI 
(6.A.6) 
Unfortunately implementing equation (6.A.6) led to an unstable solution because the direction 
of the surface velocity and hence the applied wall shear stress was unstable. To rectify this 
problem the following additional code was implemented: 
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Define the vector dp which is perpendicular to both nand d tan. i.e. 
(6.A.7) 
This is shown diagrammatically in Fig. 6.Ac. The angle that the current shear stress makes 
with dtan can be found by: 
a l = tan _1(dp . T
wall J 
dIan· Twall 
(6.A.8) 
Similarly, find the angle that the negative of the relative velocity makes with the wall by: 
a 2 = tan 
-I( dp . -v rei J 
dIan· -v rei 
(6.A.9) 
Finally, the new angle for the applied wall shear stress, a3 is found by: 
a 3 = a l + C(a2 - a l ) (6.A.1O) 
where C is a constant that determines the change the change from the old value. It was found 
that a relatively small value of 0.01 was necessary for a stable solution. Even though the 
value is small, the approximate error after 2000 iterations (which is typical) is: 
0.991000 = 1.9xlO-9 
Finally, the applied shear stress is found from: 
(6.A.ll) 
3. The Slip Boundary Condition Logic in 3 Dimensions 
Like the 2 dimensional code, a shear stress boundary condition is used not only where the 
material is slipping but where it is stuck to the tool. Therefore where the material is stuck to 
the tool, the shear stress must be set so as to give zero relative velocity between the tool and 
material. 
This section uses the following variables in addition to those defined in section 1: 
• SheacMax. Boolean variable, which has a value of 1 if the maximum shear stress 
is defined on the surface and slip occurs, and 0 if a no-slip boundary condition is 
defined. 
• Vrelt. Variable that defines whether the relative velocity is in the same or opposite 
direction to the tool velocity. It is found by: 
V rell = V rei . V tool (6.A.12) 
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If the material velocity is greater than the tool velocity then Vrel is in the same 
direction as the tool and Vrelt > O. Similarly, if it is less than or equal to the tool 
velocity then Vrelt ~ O. 
The following steps were used when implementing the slip boundary condition: 
• Step 1. Solve the system using a stick boundary condition and determine the shear 
stress at the wall. 
• Step 2. If: 
11'1> 'rmax 
then the shear stress at the wall is given by equation (6.A.5) and SheacMax is 
given a value of 1. 
If: 
11'1 ~ 'rmax 
then 
1" = l' 
and SheacMax will be given a value of O. 
• Step 3. Solve for several iterations until the solution is reasonably well converged 
(typically 500 after which the residuals which measure the stability of the solution 
flatten). 
• Step 4. Continue iterating the solution while updating the wall shear stress 
according to: 
(a) Case 1. If SheacMax = 1 and 
The shear stress at the wall is limited by the maximum value and slip is 
OCCUlTing. In this case the wall shear stress is updated according to 
equation (6.A.ll) and the procedure in section 2. 
(b) Case 2. If SheacMax = 1 and 
V relt > 0 
The shear stress at the wall is limited by the maximum value from the 
previous step. However the shear stress is such that the material at this 
position is actually moving faster than the tool which is clearly impossible. 
Therefore it is necessary to change the boundary condition so that the 
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maximum shear stress is no longer defined, i.e. set SheacMax = 0 and go 
to Case 3. 
(c) Case 3. If SheacMax = 0, then the material is stuck to the tool and the 
shear stress needs to be updated according to: 
T'= T + CV rel (6.A.13) 
where C is a constant. If C is too large the system will go unstable, and if 
too small the system will take a long time to solve. Vrel IS given by 
equation (6.A.4). Suitable values were found by trial-and-error. 
This equation forces the value of Vrel to converge on zero, by adjusting the 
wall shear stress based on the value of this slip velocity. Where the new 
value of the shear stress exceeds the maximum allowable, i.e. 
then a slip boundary condition is applied by allowing SheacMax = 1. The 
shear stress is set by: 
I T 
T =1'max ~ (6.A.14) 
i.e. the limiting shear stress is applied in the direction of the existing shear 
stress. 
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Appendix 6.B: Logic for Adjusting the Limiting Shear 
Stress for the Torque Calibrated Models 
This appendix describes how the limiting shear stress, 'rrnax was adjusted so that the torque 
(and hence power input) to the weld matched the actual weld torque (and power input). The 
steps used by the model were: 
• Step 1. Find the torque, Ta which is being applied to the surface due to the limiting shear 
stress 'rrnax. 
• Step 2. Find the new value of the limiting shear stress, 'rrnax from the following equation: 
I (T T )c 'rmax 
'r max = 'r max + set - a 3 T 
where: 
Tse/ = The required torque. 
C3 = update constant. 
a 
(6.B.1) 
Note that the change in the value is dependent on the ratio of 'r max . 
Ta 
• Step 3. Iterate for 50 iterations so that the solutions stabilises for the new value of 'rrnax, 
then repeat Step 1. 
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Table 6.1 Welding parameters used for the thermal and flow models. 
Tool Welding Speed (mm/min) 
Rotation 
Speed (rpm) 
457 367 457 
394 315 394 472 552 
0.8 1 1.2 1.4 
Tool Forward Movement per Revolution (mm) 
Fig. 6.1 Section through the mesh used for the thermal models. 
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Fig. 6.2. Comparison between numerical (grey) and experimental (black) temperature profiles 
for the weld that used a rotation speed of 457rpm and a welding speed of 457 mm/min. 
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Fig. 6.3. Predicted thermal contours(OC) for the weld that used a rotation speed of 457rpm and 
a welding speed of 457 mm/min. 
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Fig. 6.4 Mesh for (a) Ttiflute™ and (b) Trivex™ tools. 
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Fig. 6.5 Comparison between the traversing and down forces for the different isothermal 
models. 
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a 
~v 
b 
Fig. 6.6 Steamlines for the isothermal models that used a limiting shear stress of 40 MPa: (a) 
Triflute™ tool (b) single streamline for Triflute™ tool showing vertical movement and (c) 
Tlivex™ tool. The rotation speed is 457 rpm and the welding speed is 457 mm/min. 
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Fig. 6.7 Macrosection from a 16 mm weld with an MX-Ttiflute™ tool with an overlay of the 
tool profile. 
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Fig. 6.8 Comparison between measured and predicted forces: (a) traversing force, and 
(b) down force difference (Triflute™ - TrivexTM) for the torque calibrated isothermal models. 
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Fig. 6.9 Flowchart describing the torque calibrated temperature profile models. 
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Fig. 6.10 Compalison between: (a) limiting shear stress and (b) pin heat to total heat ratio for 
the Triflute™ and Trivex™ models. 
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Fig. 6.11 Comparison between measured and predicted forces: (a) traversing force, and 
(b) down force difference (Triflute™ - Trivex™) for the torque calibrated temperature profile 
models. 
176 
Isothermal Model, 
Temperature Profile 
Model. 
Chapter 6 
Fig. 6.12 Comparison of the deformation region size (strain-rate = 2 Is boundary) for an 
isothermal model and one that included the temperature profile. Both models are torque 
calibrated and used a Triflute™ tool with a welding speed of 457 mm1min and a rotation 
speed of 457 rpm. 
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Fig. 6.13 Streamline plots for: (a) Triflute™ and (b) Trivex™ tool shapes, that included the 
temperature profile. The rotation speed is 457 rpm and the welding speed is 457 mm1rnin. 
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tI .. ,J<wail / OJ 
c 
Fig. 6.A DescIiption of: (a) the normal vector and dian; (b) the velocity vectors at the tool 
smface; and (c) the vectors dp and 1: and Vrel. 
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Conclusions and Future Work 
7.1 Conclusions 
This thesis demonstrates how thermal and flow modelling of friction stir welding, using the 
computational fluid dynamics package FLUENT, leads to a better process understanding and 
can assist the development of new tools. 
A series of expeliments that measured the weld heat input and temperature were described. 
This work assisted process understanding and highlighted the problem of material overheating 
when the rotation speed or the plunge depth are too high. Another interesting finding was the 
effect of tool material on the weld quality. Thermal models were used to predict the 
experimental thermal profiles and included the convective heat flow through a simple 
calculation of the flow. Finally a relationship for predicting the weld power in 7075 
aluminium alloys was developed from the experimental heat input. 
The work then tackled the more difficult problem of material flow. The early work examined 
the 3 dimensional flow around a threaded tool that was tilted away from the direction of 
travel. This model assumed material sticking at the tool interface, and in consequence 
significantly over-predicted the weld temperature. This highlighted the need for either 
material softening near the solidus or a slip boundary condition. The latter approach was 
considered easier to implement and was used in the subsequent work. Because of difficulties 
in obtaining a stable solution, methods for obtaining consistent output with a cylindrical pin 
were investigated. This section compared different model types (i.e. models with one and two 
frames of reference) and detelmined the mesh density and number of iterations required for a 
stable solution. This work found that a model with a single frame of reference and hexahedral 
mesh produced the best numerical solution and this was therefore used in the subsequent 3 
dimensional work. 
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To simplify the problem, 2 dimensional models that described the flow around the pin were 
examined. These isothermal models used featured tools and included material slip. Although 
the isothermal assumption led to an overprediction of the defOlmation region, the model 
cOlTectly predicted that the material flowed around the retreating side of the pin. 
Discontinuous flow that causes the banded structure in the weld nugget was demonstrated 
with a mixing model and an analysis of the flow behind the tool. The transverse mixing 
model also predicted the profile typically observed with transverse markers. Finally the slip 
model pelmitted comparisons between different tool profiles through an analysis of the 
traversing forces and rotational torques. This comparison was not possible with the models 
where the material was stuck to the tool. 
Using this slip model technique, the two dimensional profile was optimised to minimise the 
traversing force. This led to the development of the Tlivex™ Friction Stir Welding tool. One 
version was created with threads and the other without, and both were compared against an 
equivalent MX-Triflute™ tool. The Tlivex™ tools lowered the traversing force by 18-25% 
while retaining the same weld strength. Copper was placed along the joint line and X-rayed 
after welding to determine the degree of material mixing. All tools mixed the material well 
near the base and less effectively near the tool shoulder. Nevertheless, metallurgical 
examination revealed a thin layer of oxide near the centre of the Trivex™ weld that was not 
present in the MX-Trivex™ or MX-Triflute™ welds. 
The final chapter examined the 3 dimensional flow around Triflute™ and Trivex™ tools 
using the slip model technique. To improve the prediction of the material flow, a temperature 
field from a thermal model was interpolated onto the flow domain, which reduced the size of 
the deformation region. Like the 2 dimensional models, the 3 dimensional models predicted 
material flow around the retreating side of the tool. The streamlines with the Triflute™ tool 
were particularly interesting in that they demonstrated lifting of material away from the tool, 
which helped explain the upsurge of material typically observed in the TMAZ. The model's 
traversing and down force predictions were compared with experimental values. While the 
model was unable to predict the exact values, the estimates were reasonable given the 
problem complexity and the model cOlTectly predicted the advantages of the Trivex™ over 
the Triflute™ tool. 
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7.2 Future Work 
Some suggested areas for future work are: 
1. Sizing of the pin. Using the force predictions from the model, the resulting stresses in the 
pin can be calculated with a finite element analysis. Therefore the likelihood of pin 
failure can be determined and the pin dimensions sized accordingly. 
2. Rotation speeds. One area not investigated in this thesis are the welding and rotation 
speeds that can be used with a particular tool on a particular alloy. This analysis would 
require a greater understanding of the limits on rotation and welding speed, i.e. what 
causes the process to break down at extreme values. 
3. Lap tool design optimisation. As mentioned in the introduction, tools for lap welds are of 
particular interest at present and elimination of hooking and plate thinning is proving a 
challenge. An understanding of the material flow may prove useful in developing tools 
that minimise these effects while breaking up the oxide interface. 
4. A non-stick boundary condition with material softening near the solidus. It would be 
interesting to try a model that included the softening behaviour of the material near the 
solidus and to compare it with the slip model. 
5. Inclusion of the material's elastic properties. This would require the use of a different 
solver but would lead to a more accurate solution. A model that included the elastic 
properties would be able to predict the material's residual stress. 
6. Improved flow visualisation, particularly for the 3 dimensional models. One area that 
wasn't fully explored was the use of particle tracks for visualising the material flow . This 
was pmtly because of problems in tracking the particle position near the tool surface. 
Further work in this area, particularly with the 3 dimensional models may lead to a better 
process understanding. 
7. The effect of workpiece and/or tool material type on the flow. Different alloy types and 
tempers have different hot flow strengths and tendencies for local melting. In particular, 
high temperature materials such as titanium and steel, which have complex phase 
transformations, are likely to have very different flow characteristics to aluminium alloys. 
Finally, this work has demonstrated the effect of different tool materials, which could be 
investigated with flow models in more depth. 
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